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ABSTRACT 
Fuel cell technology has undergone significant development in the past 15 years, spurred in part 
by its unique energy conversion characteristics; directly converting chemical energy to electrical 
energy.  As fuel cell technology has past through the prototype/pre-commercialisation 
development, there is increasing interest in manufacturing and application issues.  Of the six 
different fuel cell types pursued commercially, the Proton Exchange Membrane (PEM) fuel cell 
has received the greatest amount of research and development investment due to its suitability in 
a variety of applications.  A particular application, to which state-of-the art PEMFC technology 
is suited, is backup/uninterruptible power supply (UPS) systems, or stand-by power systems.   
 
The most important feature of any backup/UPS system is reliability.  Traditional backup power 
systems, such as those utilising valve regulated lead acid (VRLA) batteries, employ remote 
testing protocols that acquire battery state-of-health and state-of-charge information.  This 
information plays a critical role in system management and reliability assurance.  A similar 
testing protocol developed for a PEM fuel cell would be a valuable contribution to the 
commercialization of these systems for backup/UPS applications. 
           
This thesis presents a novel testing and analysis procedure, specifically designed for a PEM fuel 
cell in a backup power application.  The test procedure electronically probes the fuel cell in the 
absence of hydrogen.  Thus, the fuel cell is in an inactive, or passive, state throughout the testing 
process.  The procedure is referred to as the passive state dynamic behaviour (PSDB) test.  
Analysis and interpretation of the passive test results is achieved by determining the circuit 
parameter values of an equivalent circuit model (ECM).  A novel ECM of a fuel cell in a passive 
state is proposed, in which physical properties of the fuel cell are attributed to the circuit model 
components.  Therefore, insight into the physical state of the fuel cell is achieved by determining 
the values of the circuit model parameters.  A method for determining the circuit parameter 
values of many series connected cells (a stack) using the results from a single stack test is also 
presented.  The PSDB test enables each cell in a fuel cell stack to be tested and analysed using a 
simple procedure that can be incorporated into a fuel cell system designed for backup power 
applications. 
 
 ii 
An experimental system for implementing the PSDB test and evaluating the active performance 
of three different PEM fuel cells was developed.  Each fuel cell exhibited the same characteristic 
voltage transient when subjected to the PSDB test.  The proposed ECM was shown to accurately 
model the observed transient voltage behaviour of a single cell and many series connected cells.  
An example of how the PSDB test can provide information on the active functionality of a fuel 
cell is developed.  This method consists of establishing baseline performance of the fuel cell in 
an active state, in conjunction with a PSDB test and identification of model parameter values.  A 
subsequent PSDB test is used to detect changes in the state of the fuel cell that correspond to 
performance changes when the stack is active.  An explicit example is provided, where certain 
cells in a stack were purposefully humidified.  The change in state of the cells was identified by 
the PSDB test, and the performance change of the effected cells was successfully predicted.  The 
experimental test results verify the theory presented in relation to the PSDB test and equivalent 
circuit model. 
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 1
1 INTRODUCTION 
1.1 FUEL CELL TECHNOLOGY 
A fuel cell is an electrochemical device that converts chemical energy directly into electrical 
energy.  Fundamentally, a fuel cell works in the same manner as a battery.  However, the 
chemical reactants (typically hydrogen and oxygen) are continuously fed to the fuel cell, with the 
product (water) continuously removed.  Thus, a fuel cell is sometimes referred to as a continuous 
battery; as long as fuel and oxygen are supplied, the fuel cell will continue to produce electrical 
power. 
 
Fuel cells have undergone significant development in the last 15 years, spurred in part by their 
unique energy conversion characteristics, including high efficiency and minimal environmental 
impact at the point of use compared with combustion engines.  There are six types of fuel cells 
actively being researched and developed.  The materials, construction, operating conditions and 
other system components required for each fuel cell type vary greatly, thus the suitable 
applications for each fuel cell type ranges widely.  The name of each fuel cell type originates 
from the electrolyte employed.  Table 1.1 lists each alongside its main characteristics.  In 
general, fuel cell technology has passed through pre-commercialisation development, with 
increasing interest in manufacturing and application issues.   
 2 
 
Table 1.1 Fuel Cell Types Currently Under Development 
Fuel Cell Type Temperature  Power Range Applications 
Solid Oxide Fuel cell (SOFC) 750 – 1000oC 200kW – 2MW Stationary Base load generation 
Molten Carbonate Fuel Cell 
(MCFC) 
~650oC 200kW Stationary Base load generation 
Phosphoric Acid Fuel Cell (PAFC) ~220oC 200kW – 1MW Stationary Base load generation 
Alkaline Fuel Cell (AFC) 80 – 140oC Few W – 200kW Space, Distributed Generation 
Proton Exchange Membrane Fuel 
Cell (PEMFC) 
30 – 90oC 10W – 100kW Automotive, Distributed 
Generation, Back-up Power 
Direct Methanol Fuel Cell (DMFC) 20 – 50oC mW – fewW Portable Electronics 
 
The proton exchange membrane (PEM) fuel cell has arguably received the greatest amount of 
research and development in recent years.  PEM fuel cells operate at low temperatures, possess a 
quick start-up time and are comparatively simple in their construction (i.e. an all solid device 
compared with fuel cells using liquid electrolytes).  PEM fuel cells are suited to a number of 
applications, thus providing a number of market opportunities.  These include portable power 
(~10W), backup and residential (~5kW), and automotive applications (~80kW).  Numerous 
prototype and demonstration systems have been developed for each application.  Issues such as 
cost, hydrogen storage, lifetime and reliability remain barriers that must be overcome before 
PEM fuel cells are competitive with traditional technology.  The technical development required 
before PEM fuel cells can compete commercially depends on the application.  For instance, 
significant improvements in cost and hydrogen storage are required before PEM fuel cells can 
compete with the internal combustion engine for transportation.  However, significant 
improvements in cost and other technical areas are not required for certain applications.  Existing 
state-of-the art PEMFC technology closely matches the requirements of backup/UPS, or stand-
by power systems [1], [2].  Therefore, these applications are a near term possibility for PEM fuel 
cell market penetration [3].  Existing backup power technology is described in the next section, 
focusing on telecommunications backup power systems. 
 
1.2 BACKUP POWER TECHNOLOGY 
Figure 1.1 shows a typical telecommunications backup power installation [4].   
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Standby energy storage – Valve 
Regulated Lead Acid battery string 
DC rack power
system (RPS)
Telecommunication equipment 
Standby 
generator 
Mains/generator
transfer switch
Grid AC Power 
DC bus 
 
Figure 1.1 Standard Telecommunication Back-Up Power System 
Under normal operating conditions, the telecommunications load is powered through a rack 
power system (RPS) that converts grid AC power to the required DC voltage (12, 24, or most 
commonly 48V) using a number of rectifying units.  In the event of AC power failure, a bank of 
batteries that are tied to the DC bus through the RPS, continue to supply DC power to the load.  
The battery of choice for backup power is the valve regulated lead acid (VRLA) battery.  They 
differ from the common flooded lead acid used in automotive applications, as the VLRA is a 
completely sealed unit (maintenance free) and incorporates a one way valve to release the build 
up of any gasses accumulated during charging.  A standby diesel generator may also be included 
in the system as shown in the Figure 1.1.  However, it is common for the VRLA battery to be the 
only backup power source.  Installations provide up to 8hrs of backup power, and are located in 
roadside cabinets or office basements [5]. 
 
The most important requirement of any backup power system is reliability.  Telecommunications 
data includes voice, internet traffic, electronic transactions etc, and the cost of service disruptions 
can be extremely high [6].  The required availability for telecommunications is currently 0.99999 
(5 nines) which equates to an allowable down time of 315 seconds per year [3].  However, a 
required availability of 6 – 7 nines or higher may be needed for new digital loads [6].  To 
achieve this level of reliability, a backup power system is designed with redundancies, i.e. 
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multiple battery strings and rectifying units.  This allows the system to function in the event of 
any one (or more) units failing.  In addition to system redundancy, management and monitoring 
of the system is also a critical component in assuring functionality, and hence reliability of the 
system [7].  By testing the system (particularly the VLRA battery) a problem can be detected and 
rectified before it affects the functionality of the system in the event of a AC Power failure.  
Research and development of backup power management and monitoring strategies has been 
active for several years [4], [8]-[11].  Techniques include partial discharge of the VRLA battery 
to acquire state of health (SOH) and state of charge (SOC) information.  Such testing methods 
are integrated into the backup power system, allowing testing and assessment of the system to be 
conducted remotely.  Commercially available VRLA based backup power systems meet the 5 
nines required.   
 
Disadvantages with traditional VRLA batteries and generators have encouraged research into 
alternative energy systems for backup power.  The VRLA battery is expensive, particularly as 
the lifetime can be in the order of 3 – 5 years [12], which also raises environmental concerns.  
VRLA banks are heavy, and take up a considerable floor space.  If the required backup service 
time extends beyond 8hrs, the VRLA becomes impractical based on cost, volume and mass, thus 
a generator is usually used.  The main draw back of a generator stems from environmental 
issues, with noise and emissions limiting possible locations.  A number of alternative energy 
systems have been proposed that may overcome the disadvantages of traditional technology, 
with fuel cell technology a prominent contender.  
 
1.3 PEM FUEL CELLS IN BACKUP POWER 
APPLICATIONS 
A number of fuel cell types have been investigated for telecommunications, not only for 
providing standby power, but using the fuel cell as the primary power source [13].  
Telecommunications power systems using 200kW phosphoric acid fuel cells have been 
presented [14]-[16].  In addition to electrical power generation, waste heat from the fuel cell 
system is utilized for absorption cooling of the telecommunications equipment.  The system 
supplies primary power using the mains power as backup.  Solid oxide fuel cell systems have 
also been suggested for telecommunications as a primary power or even as a stand-by power 
system [17], [18].  The Zinc-Air and Aluminium-Air “fuel cells” have also been advocated for 
 5
use in back-up power applications [19].  However, these are not true fuel cells.  Even though 
oxygen from the air is delivered to the cathode, the metal anode is consumed during power 
generation and must be replaced along with the electrolyte in order to recharge the Metal-Air 
fuel cell.  By far the most popular fuel cell type aimed at telecommunications and back-up power 
systems is the PEM [2], [20]-[23].  Table 1.2 lists four of the most advanced systems along with 
their basic specifications.  
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Table 1.2 PEM Backup Power Systems 
 
 
 
 
 
 Idatech® 
ElectraGen™5 
Palcan® PalPac500 - 
UPS 
PlugPower® 
GenCore® 5T48 
ReliOn™ Independence-
1000™ 
Power 0-5000 W 500W  0 – 5000W 0 – 1000W 
Voltage Nominal -48 VDC 
(optional +48 VDC).  
Limit -48 VDC to -52 
VDC 
110-120 VAC 46 – 56 VDC (48) 
adjustable 
42 – 60 VDC operating 
24 or 48VDC Nominal 
Fuel Commercial grade 
99.95% dry H2 
H2 gas from metal 
hydride 
99.95% dry H2 Industrial grade H2 
99.95% 
Fuel 
consumption 
@ rated power 
75 slpm 5 hrs @ 500W with 
H2 stored in system 
(1800l) 
62 slpm 15 slpm 
Dimensions 
w×d×h (cm) 
60×60×120 53×47×50 66×61×112  44.5×69×51 
19” rack mountable 
Weight (kg) 226 N/A 227 66 
Operating 
Temperature 
-40 to +50oC +5 to +40oC -40 to +46oC 0 to 46oC 
Other Notes 
 
N/A Size includes 
hydrogen storage 
(metal Hydride) 
$15 000, cost  Contains 6 hot swappable 
fuel cell cartridges 
Reference [24] [25] [26] [27] 
 
A common feature of these systems is that they operate on pure hydrogen; therefore, the system 
must be actively serviced to be refuelled.  Although there was initial interest in regenerative 
systems [21], they are not being pursued in a commercial capacity at this time [28].  The systems 
shown in Table 1.2 do not eliminate the need for a battery, as power is required to start the fuel 
cell system (to operate solenoid valves, fans etc).  In addition, batteries will supply power to the 
load until the fuel cell is up to full power (in the range of a few minutes).  Although the required 
battery capacity can be integrated into a fuel cell system [25] it will usually be another 
component of the backup power system.  A fuel cell system incorporating a super capacitor has 
been proposed, thus eliminating the battery completely [29]. 
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A PEM fuel cell system may offer advantages over traditional backup power technology.  
Primarily, the benefits of PEM technology arise in the reduction or elimination of VRLA battery 
strings.  The exact benefits depend on the PEM fuel cell configuration and the required service 
time of the backup power system.  For example, Smith et al. compared a 10kW prototype 
regenerative fuel cell system, which includes the fuel cell, compressed hydrogen storage (7hr 
supply) and an electrolyser, to a battery system of equal power and run time.  A 75% savings in 
floor space was calculated and a 25% cost savings compared to batteries was projected, ignoring 
battery replacement costs [21].  A simple fuel cell system with compressed hydrogen storage is 
predicted to be cost effective when the service time is greater than 4 hours, as increasing the 
stored hydrogen capacity is cheaper, requires less volume and is lighter than adding the 
equivalent energy in batteries.  For a service time of 12 hours, the fuel cell system is expected to 
have cost savings of 25-50% over 10 years, assuming battery replacement is carried out every 4 
years [12], [22].  Lin et al. [23] compared a 2kW fuel cell system (including a methanol reformer 
for H2 production) with a battery backup system of equal power.  The systems were compared on 
cost, weight and volume for different required service times, up to 24 hours.  The fuel cell 
system out performed the battery system in all respects as the required service time increased.   
 
PEM fuel cells are also being considered as an alternative to the diesel generator, which would 
most likely be employed when long service times are required.  Although a fuel cell system 
offers no advantage in size or cost over a diesel generator, noise and emissions are significantly 
reduced.  
 
Despite advantages of fuel cell systems over traditional backup power technology, fuel cells 
have not been widely employed on a commercial level.  Due to reliability requirements, end 
users must select incumbent technology.  Remote testing and monitoring of incumbent VRLA 
based backup power systems is an integral part in assuring system functionality, thus achieving 
the required 5 or more nines of availability.  Currently, no such testing or monitoring strategies 
exist for fuel cells in a backup power application.  An important advancement in the 
commercialization of PEM technology would be the development of testing methods that could 
be incorporated into the monitoring and management of a PEM fuel cell, thus increasing the 
reliability of the system.     
 
 8 
1.4 PURPOSE OF THESIS 
The primary objective of this thesis is to develop a testing method for a Proton Exchange 
Membrane Fuel Cell in an application setting, such as telecommunications backup power.  The 
testing method and subsequent analysis is designed to provide information on the operational 
status of the fuel cell, which will be used as part of a monitoring and management strategy.  The 
novel testing process developed for this research has been named the passive state dynamic 
behaviour (PSDB) test. 
 
The PSDB is based on electronically probing the fuel cell while in a passive, non-functioning 
state.  While in a passive state, the fuel cell is claimed to act as an RC circuit, and by obtaining 
the parameter values of an equivalent circuit model, information about the active performance of 
the cells can be determined.   
 
There are significant differences between the PSDB test and exting fuel cell testing methods.  
Therefore, certain aspects of the fuel cell analysis presented in the thesis are unique.  
Traditionally, fuel cells are tested while operating, and the resulting analysis is similar to that 
conducted on other electrochemical devices such as batteries and electrolysis cells.  As the PSDB 
test is based on electrically probing the fuel cell in the absence of hydrogen, a similarity between 
a passive fuel cell and a double layer capacitor (DLC) is explored in this thesis.  A circuit model 
of the fuel cell in a passive state is also derived, and a novel method for determining parameter 
values is described.  The PSDB test provides insight into fuel cell properties that cannot be 
observed when using traditional testing techniques. 
   
 
1.5 THESIS STRUCTURE 
Chapter 2 describes the Proton Exchange Membrane Fuel Cell, concentrating on the cell 
structure and typical stack construction.  The ideal and real steady state performance of a PEM 
fuel cell is described.  The loss mechanisms, which cause the fuel cell to perform at a level less 
than ideal are also explained.  The final section describes the physical construction of a DLC and 
compares it to the PEM fuel cell. 
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Chapter 3 reviews traditional testing techniques used for analysing individual cells and stacks.  
A review of fuel cell equivalent circuit models (ECM) is provided, as these are commonly used 
to model and interpret the results of fuel cell tests.  A review of double layer capacitor (DLC) 
testing and modelling is also provided.  This chapter provides information on the dynamic 
characteristics of both the fuel cell and the DLC. 
 
Chapter 4 describes the PSDB test method.  A new ECM is proposed, based on the physical 
structure of a passive PEM fuel cell as detailed in Chapter 3.  A comparison with exiting fuel cell 
and DLC models is provided, with additional discussion on model uniqueness.  Based on the 
model, the voltage response of a fuel cell subjected to the PSDB test is predicted.   
 
Chapter 5 describes the experimental test system used for implementing the PSDB test.  The 
specifications of the three fuel cells tested in this research are described, together with details of 
their active operation.   
 
Chapter 6 provides a qualitative explanation of the results produced when the PSDB test is 
implemented on a fuel cell.  Reference is given to the physical properties of the fuel cell and a 
double layer capacitor (DLC) described in Chapter 2 and 3.  Results are presented for individual 
cells and stacks.   
 
Chapter 7 details the numerical technique employed for acquiring the ECM parameter values.  
Sample results are provided, demonstrating convergence and the propagation of experimental 
measurement error. 
 
Chapter 8 relates the PSDB test results with the functionality of the fuel cell.  A direct 
correlation between passive and active testing is demonstrated.  A method in which the ECM 
parameter values are used to predict changes in the active functionality of cells within a fuel cell 
stack is also detailed. 
 
Chapter 9 summarises the thesis, list the achievements and proposes future work.  
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2 THE PROTON EXCHANGE 
MEMBRANE FUEL CELL 
This chapter describes the PEM fuel cell.  The fundamental operating principles are described in 
Section 2.1 and cover the electrochemical reactions, relationship between fuel consumption and 
the operating current, and ideal voltage base on thermodynamic principles.  A detailed 
description of the PEM fuel cell follows in Section 2.2, describing the cell materials, structure 
and typical stack and system configurations.  This section also describes the loss mechanisms, 
which reduce the fuel cell operating voltage from the ideal maximum.  Section 2.3 describes the 
steady state performance of a PEM fuel cell, including a quantitative (mathematical) treatment of 
the loss mechanisms.  The dynamic performance of a PEM fuel cell is described in the following 
chapter, where testing and dynamic modelling of a PEM fuel cell is detailed.  Section 2.4 
describes the main degradation mechanisms of a PEM fuel cell. 
 
This chapter also details the construction of a double layer capacitor (DLC).  The similarity 
between a DLC and a PEM fuel cell is discussed and basic properties of the DLC are provided.  
The following chapter describes the quantitative performance of a DLC, in the context of testing 
and modelling. 
 
2.1 ELECTROCHEMISTRY AND THEORETICAL 
PERFORMANCE OF A PEM FUEL CELL 
Figure 2.1 shows how a PEM fuel cell, generates electric current by reacting hydrogen and 
oxygen (usually from in the air).  The fundamental components of a fuel cell required to carry 
out this process, are two electrodes (anode and cathode), separated by an electrolyte.  At the 
anode (negative terminal), the hydrogen molecules give up their electrons, which travel through 
an external circuit.  The remaining hydrogen ions (H+) travel through the membrane towards the 
cathode.  At the cathode (positive terminal), hydrogen ions from the membrane, combine with 
electrons and oxygen, forming product water.   
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Figure 2.1  Essential Elements of an Operating PEM Fuel Cell 
 
Formally written, the two half-cell reactions occurring at the anode and cathode are  
 
−+ +→ 2e2HH2   and  OH2e2HO 2221 →++ −+  [2.1]
 
Thus, the overall reaction is simply   
  
OHHO 22221 →+      [2.2]
 
From equation 2.1, it can be seen that for every molecule of H2 reacted, 2 electrons flow around 
the external circuit.  Therefore, the current, i [A] for a single cell can be related to H2 
consumption, n [mole/s], by  
 
F
in
f 2μ=  [2.3]
 
where F is the Faraday constant, 96485 C/mole, and μf is the fuel utilization factor (between 0 
and 1), as in practice not all of the hydrogen is electrochemically reacted by the fuel cell.  For a 
PEM fuel cell operating on pure hydrogen, μf tends to be high.    
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The chemical energy that can be converted into electrical energy using a fuel cell is given by the 
change in Gibbs free energy of formation, Δgf  [J/mole] as applied to equation 2.2.  Thus, at 
standard state (25oC, 1bar) Δgf0  for equation 2 is given by 
 
237141002371410,
0
,
0
,
0
222
−=−−−=Δ−Δ−Δ=Δ OfHfOHff gggg ½  J/mol      [2.4]
 
Equation 2.4 is calculated using the higher heating value (HHV) of H2O (liquid product).  
Instead of expressing the energy per mol of H2 reacted, the energy can be given per unit of 
charge (Coulomb) flowing through the circuit, i.e. J/C, or voltage, V;  
 
2289.1
964852
237141
2
0
=×=
Δ−=
F
g
E f V [2.5]
 
As Δgf0 decreases with increasing temperature, the ideal voltage of a fuel cell also reduces with 
increasing temperature.  For example, the voltage of a hydrogen fuel cell operating at 1bar and 
80oC using Equation 2.5 is 1.183V (HHV). 
 
The enthalpy of formation, Δhf for the reaction shown in equation 2.2, is 285 830 J/mol (HHV) 
[1].  If the fuel cell were able to convert all of this energy into work, the voltage would be 
equivalent to that given by equation 2.6. 
 
481.1
964852
285830
2
0
=×=
Δ−=
F
h
E f  V [2.6]
 
Therefore, the efficiency limit of a fuel cell operating under standard conditions is given by 
equation 2.7  
 %0.83
285830
237141%100%100 0
0
==Δ
Δ×=
f
f
h
g
Eff  [2.7]
 
As Δhf0 is relatively constant with temperature (compared to Δgf0) the efficiency limit decreases 
with increasing fuel cell operating temperature.  
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As the reactants and products will be at states other than standard, an alternative to equation 2.5 
is required.  Using thermodynamic considerations [2], the pressures of reactants and products can 
be taken into account in the voltage expected of a fuel cell. 
 
Starting with the definition of Gibbs free energy 
Tshg −=       [2.8]
 
As applied to the change in Gibbs energy of formation   
sThg ff Δ−Δ=Δ  [2.9]
 
The entropy of gas species A, in an ideal gas mixture is given by [2] 
⎟⎠
⎞⎜⎝
⎛−= 00 ln P
PRss AA       [2.10]
 
Where PA is the partial pressure of species A, P0 is the standard pressure (1 bar) and sA0 is the 
entropy of A at standard conditions.  The change in entropy as applied to reaction 2.2 is given by 
reactprod sss −=Δ       
[ ]
222
½ HOOH ssss +−=Δ  
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22
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0  [2.11]
 
The pressures in equation 2.11 are all expressed in bar, thus the P0 values are equal 1 and are not 
explicitly written in. 
 
Substituting equation 2.11 into equation 2.9, the change in Gibbs energy for reactants and 
products not in their standard state is 
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sThg ff Δ−Δ=Δ  
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Dividing equation 2.12 by -2F, the commonly used Nernst equation is  
[ ] [ ][ ] ⎟⎟⎠
⎞
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⎛+Δ−=
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HOf
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F
RT
F
g
E
2
22ln
22
0
0
½
 [2.13]
 
E0 is the expected voltage from a fuel cell operating at a given pressure and temperature.  E0 is 
often referred to as the thermodynamically reversible voltage, reversible open circuit voltage 
(OCV), or no-loss voltage.  For the remainder of this thesis, E0 will be called the “reversible 
voltage”.  In practice, the operating voltage of a PEM fuel cell will be substantially less than the 
reversible voltage due to a number of loss mechanisms.  For example, the hydrogen ions moving 
through the electrolyte are subject to ohmic resistance.  The typical operating voltage of a PEM 
fuel cell is around 0.7V.  The difference between the reversible voltage and the operating voltage 
of a fuel cell has been called the over voltage, polarization, irreversibility, loss, and voltage drop 
[3].  For the remainder of this thesis, the term “voltage loss” will be used, with the term “loss 
mechanism” referring to the specific process giving rise to the voltage loss.  The following 
Section describes the loss mechanisms qualitatively, with a quantitative treatment of voltage loss 
provided in Section 2.3. 
2.2 MATERIALS AND CONSTRUCTION 
A functional schematic of a PEM fuel cell system and stack is shown in Figure 2.2.  A fuel cell 
system contains the fuel cell stack, along with auxiliary equipment such as fans/pumps, solenoid 
valves, cooling systems, controls etc, often referred to as the balance of plant.  The fuel cell stack 
contains many individual cells, each consisting of an electrolyte, two electrodes (anode and 
cathode), and two gas diffusion layers.  The cells are usually connected together using bipolar 
plates, thus forming a stack.  Subsequent subsections provide detailed descriptions of the 
electrolyte, electrodes, gas diffusion layers, bipolar plates and common stack and system 
designs.   
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Figure 2.2 Schematic of a PEM Fuel Cell System, and Stack  
 
2.2.1 ELECTROLYTE 
A PEM fuel cell utilises a hydrated polymer sheet as the electrolyte, which has the required 
properties of being gas impermeable, electrically insulative and conductive to hydrogen ions.  
The polymer is composed of polytetrafluoroethylene (PTFT, more commonly know as Teflon), 
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with side chains of perfluorinated-vinyl-polyether that terminate in a sulfonic acid group, –SO3H 
[3].  A simplified diagram of a hydrated polymer is shown in Figure 2.3.  The exact length and 
frequency of the side chains varies from polymer to polymer, giving rise to membranes with 
different equivalent weights (EW) defined as gram of polymer per mole of sulfonate sites.  
Membranes with an EW of 1100 are common, but 900 – 1400 can be manufactured [4].     
 
Figure 2.3  Polymer Membrane 
When the membrane is hydrated, the weakly (ionicly) bound hydrogen ions are disassociated 
from the sulfonate group, which remains covalently fixed to the polymer.  The hydrogen ions are 
coupled with a water molecule forming hydronium ions, H3O+ [5], and are free to move in the 
water throughout the hydrated polymer.  As the PTFT back-bone is strongly hydrophobic, water 
tends to cluster around the hydrophilic sulfonic acid sites, forming discrete water channels within 
the polymer.  As the water channels are continuous throughout the membrane, hydrogen ions can 
cross from one side of the membrane to the other.  As with the movement of any charge through 
a conducting medium, the hydrogen ions are subject to resistance, resulting in a voltage loss.  
The ionic resistance is one of three predominate loss mechanisms in a fuel cell.  The water 
content in the membrane directly determines the ionic resistance, and is perhaps the most 
important parameter for fuel cell performance.  Essentially, the lower the water content, the 
smaller the water channels will be (and fewer of them) thus the ionic resistance increases [6]. 
The ionic resistance has been shown to be directly proportional to the hydration of the membrane 
[7].  When measuring the ability of a membrane to transport hydrogen ions, the ionic 
conductivity, S cm–1, is most commonly used, which is the inverse of resistance, Ω cm.   
 
The polymer membrane is not completely gas impermeable.  Some hydrogen molecules will 
cross directly from the anode to the cathode, a processes known as fuel crossover.  Fuel 
crossover is often neglected as it does not result in a major performance loss, except in the 
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extreme case of membrane perforation.  A thinner membrane will have a lower resistance but at 
the cost of increased fuel crossover, together with lower mechanical strength.  Table 2.1 lists a 
variety of commercially manufactured membranes used as PEM electrolytes.   
Table 2.1 Commercially Available PEM Fuel Cell Membranes  
Manufacturer Product 
Typical thickness* 
(mm) 
Equivalent weight (EW)  
⎟⎠
⎞⎜⎝
⎛
sites  sulphonate of mole
polymer of gm
 
DuPont Nafion 112 0.0508 (0.002 in) 1100 
DuPont Nafion 1035 0.0889 (0.0035 in) 1000 
DuPont Nafion 1135 0.0889 (0.0035 in) 1100 
DuPont Nafion 115 0.127   (0.005 in) 1100 
DuPont Nafion 105 0.127   (0.005 in) 1000 
DuPont Nafion 117 0.178 (0.007 in) 1100 
Asahi Chemical Industry Aciplex 1002 0.050 1000 
Asahi Chemical Industry Aciplex 1004 0.100 1000 
Asahi Chemical Industry Aciplex 1104 0.100 1100 
Asahi glass Co.  Flemion SH80 0.080 909 
Asahi glass Co. 
 
Flemion SH150 0.160 909 
* Thickness given for a dry membrane, the membrane will swell upon hydration. 
   Data from [8], [9], [10] 
 
The most commonly used membrane, and that to which most others are compared is Nafion® 
from DuPont™.  It is widely available with a number of distributors selling direct to the public.  
Gore™ has developed membranes specifically for PEM fuel cells under the trade name Gore–
SELECT®.  However, these are only sold as membrane electrode assemblies (MEA), where the 
anode and cathode are attached to the membrane, under the trade name Gore-PRIMEA® [11].  
 
The exact chemical composition of different membranes results in differing conductance values 
and mechanical properties, such as strength.  However, general membrane characteristics such as 
hydration sensitive performance will be similar for all membranes as the same transport 
mechanism is present.  For example, Sumner et al. [6] compared the performance of Nafion 117 
with a sulfonyl imide membrane, which has a –SO2NHSO2CF3 group instead of the common 
sulfonic acid group, –S3H.  The conductivity of the two membranes as a function of hydration 
and temperature was found to be very similar.  Therefore, the same ion transport mechanism, 
hydronium ions moving through liquid water channels, was concluded for both membranes.   
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2.2.2 ELECTRODES (ANODE & CATHODE) 
The anode and cathode of a PEM fuel cell are physically very similar, and in many cases 
identical.  The electrodes consist of a porous, high surface area carbon, which supports finely 
distributed catalyst particles where the electrochemical reactions take place.  Figure 2.4 shows a 
schematic diagram of the electrolyte–electrode interface.  
Pt Catalyst particles  
  
  
Carbon Support 
  
  
Polymer Membrane 
3-phase boundary
H+ 
e–
O2 
 
Figure 2.4 Electrode Stucture of a PEM Fuel Cell 
 
The use of a catalyst is essential in a PEM fuel cell.  At low operating temperature, the catalyst is 
required to promote the electrochemical reactions occurring at the anode and cathode.  Even with 
the catalyst, there is a large voltage loss associated with the electrochemical reaction step.  This 
loss mechanism is called the activation loss, and will be discussed in greater detail in Section 
2.3.1.  The electrochemical reactions only occur at the interface between the electrolyte, the 
catalyst surface and the gaseous phase, as it is only at this “three phase boundary” that the 
delivery or removal of ions, reactants, products and electrons can take place.  An optimal 
electrode contains many three-phase boundaries, providing many sites where electrochemical 
reactions can take place.  Essentially, the higher the total electrode surface area, the greater the 
number of three phase boundaries, and the higher the voltage performance. 
 
The porosity of the electrode structure is also important as it facilitates the mass transport of 
reactant and product gases.  The maximum rate that mass transport can occur defines the 
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maximum current obtainable from a fuel cell, often referred to as the limiting current il.  In 
practice, fuel cells are not operated anywhere near il, as a large voltage loss will be incurred.  
This voltage loss is commonly referred to as the mass transport loss, which is the third major loss 
mechanism in a fuel cell.  In the extreme case of operating a fuel cell at il, the mass transport loss 
results in the voltage of the fuel cell reducing to zero.  Section 2.3.3 further discusses the mass 
transport loss, detailing the specific species thought to be responsible for the limiting current and 
how approaching this limit results in a voltage loss. 
  
An important aspect of the electrode–electrolyte interface is the formation of an electric double 
layer, commonly referred to as the double layer.  At the negatively changed anode where 
hydrogen ions are being generated, a layer of electrons on the electrode is attracted to a layer of 
hydrogen ions in the electrolyte.  Figure 2.5a shows a simple representation of the double layer, 
where the ionic charge in the membrane equals the electronic charge on the electrode.  A simple 
parallel plate capacitor is often used to model the double layer at the electrode–electrolyte 
interface.  A similar double layer is formed at the cathode.  The presence of the double layer 
gives the fuel cell a very high capacitance, a property explored in this research.  In fact, the 
double layer phenomenon is exploited for manufacturing capacitors with very high capacitance 
values.  These capacitors are discuses in detail in Section 2.5.  The spatial distribution of the 
ionic charges in the electrolyte is not as simple as shown in Figure 2.5a.  A more accurate 
representation of an electrolyte–electrode interface is shown in Figure 2.5b [12].  The inner most 
region, known as the inner Helmholtz layer consists predominantly of water molecules with their 
hydrogen ends (positive) orientated towards the negatively charged electrode.  Depending on the 
electrode/electrolyte materials, positive or negative ions may be specifically adsorbed onto the 
electrode surface (not shown in Figure 2.5b).  Further out into the electrolyte, a layer consisting 
of positive ions surrounded by water molecules defines the outer Helmholtz plane.  The ionic 
charge in the outer Helmholtz plan may not equal the charge on the electrode.  Therefore, a 
higher density of positive ionic charge will be found in the area just beyond the outer Helmholtz 
layer compared with the bulk electrolyte phase.  In summary, the double layer results in a fuel 
cell possessing a high capacitance.  Due to the complicated nature of the ionic charge 
distribution, models more complicated than a parallel plate capacitor are needed to fully describe 
the observed behaviour. 
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Figure 2.5 Common Representation (a) of the Double Layer, with a more accurate 
Representation shown in (b), adapted from Bockris and Reddy [12] 
The membrane and electrode are commonly manufactured and sold as a single unit, a membrane 
electrode assembly (MEA).  There are two main methods for MEA fabrication.  The most 
common involves creating the electrodes directly on the membrane surface.  For this method, an 
ink composed of activated carbon, platinum particles, solubilised ioniomer (Nafion in a liquid 
form) and solvent are sprayed or printed onto the membrane (in one or more steps) then dried.  
The alternative method for MEA fabrication is to apply the ink onto the gas diffusion layer, such 
as carbon fibre paper (a porous and conductive material described in the next section).  The gas 
diffusion layer is then hot pressed onto a membrane, creating a MEA with gas diffusion layers 
attached.  MEAs utilising Nafion membranes are wildly available, as are Gore MEAs as 
discussed previously. 
 
Typical carbons used for electrode manufacture include XC72 (®Cabot) [3] as used by Saab et 
al. [13] or Vulcan XC-12 as used by Gode et al. [14].  The most common catalyst, used for the 
anode and cathode, is platinum.  A number of platinum alloys have been investigated for the 
cathode and are shown to have better performance (reduced activation loss), however pure Pt is 
almost exclusively used commercially [15].  Fuel cells that operate on reformate gas (as opposed 
to pure hydrogen) will use an alloy such as Pt/Pd or Pt/Ru, as these catalysts are more tolerant to 
impurities such as CO.  Typically, catalyst loadings are < 1 mg/cm2, and usually range 0.1 – 0.4 
mg/cm2. 
 
Outer 
Helmholtz 
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Electrode Electrolyte 
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2.2.3 GAS DIFFUSION LAYER 
The gas diffusion layer (GDL) is a porous, electrically conductive layer, which serves as a 
current collector and ensures that the reactant/product gases flow to and from the electrode 
surface uniformly.  Gas diffusion layers are made from carbon, such as Toray™ Carbon Paper, 
(TGP-H-090) or carbon cloth.  The gas diffusion layer will be wet proofed with PTFT, which 
prevents liquid water from forming and blocking gas flow to the electrode.  In certain types of 
passive air breathing fuel cells the GDL may be quite thick and exposed to the air directly, thus, 
bipolar plates are not used.  For example, Enabled produced a small, 12W stack consisting of 23 
series connected cells.  The stack is annular in design, with hydrogen introduced to the centre of 
the stack (from both ends).  Each cell had a thick GDL on the cathode that allowed air to diffuse 
from the outer edges to the electrode surface.  Most stacks will employ GDLs along with a 
bipolar plate as discussed below. 
 
2.2.4 BIPOLAR PLATES AND STACK CONSTRUCTION 
A single PEM cell produces a voltage of around 0.7V, so many cells (40 – 90) are connected in 
series, forming a stack, and achieving a useful voltage.  The most common stack design is shown 
in Figure 2.2 where individual cells are connected using a bipolar plate.  The bipolar plate is 
electrically conductive and gas impervious.  Grooves, or flow channels on both sides of the 
bipolar plate, enable hydrogen and air to be delivered to the anode and cathode of adjacent cells, 
as shown in Figure 2.6a.  Bipolar plates are generally made of carbon, either machined graphite 
plates or moulded plastics containing large amounts of carbon.  In addition, metal bipolar plates 
have also been investigated [3].   
 
Gasket seals are typically integrated into the bipolar plate as shown in Figure 2.6a, and the stack 
is clamped together under pressure to ensure the seals are gas tight, and to ensure good electrical 
contact between the electrodes, GDLs and bipolar plates.  Due to the delicate nature of the 
MEAs, a stack cannot be taken apart for repair.  Therefore, once a single cell fails, the stack fails.  
In addition, the weakest performing cell will dictate stack functionality, as will be described in 
following section. 
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Figure 2.6 Typical Bipolar Plate (a) and Edge Current Collected Cells (b) 
Utilizing bipolar plates is not the only way of constructing a stack.  Instead, each cell can be 
edge current collected using a metal grid clamped on to the gas diffusion layer.  Each edge 
current collected cell is then connected in series with external contacts as shown in Figure 2.6b. 
 
2.2.5 FUEL CELL SYSTEM   
A schematic fuel cell system is shown in Figure 2.7, and consists of a fuel cell stack, together 
with auxiliary components, commonly referred to as balance of plant, (BOP).  The BOP enables 
the stack to operate and deliver power, and includes a range of equipment;  
• solenoid valves for the hydrogen,  
• air pump or fan for delivering reactant air (oxygen) to the stack  
• a cooling system where air or a liquid is pumped through separate channels in the stack  
• humidification system 
• a monitoring and control system  
• electronics for power conditioning   
Gasket 
Gas flow channels 
Air Out 
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b) 
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Figure 2.7 Schematic of a PEM Fuel Cell System Showing Balance of Plant (BOP) Components 
A fuel processor that reforms a hydrocarbon fuel (i.e. natural gas or methanol) into a hydrogen 
rich fuel stream, can also be included as part of a fuel cell system.  As this thesis focuses on 
back-up power systems that generally use pure hydrogen, fuel processors are not considered 
further.   
   
The exact BOP in a PEM fuel cell system will vary depending on the system design.  For 
example, a system manufactured by ReliOn, the Avista-SR12, is a relatively simple system 
consisting of a single convection fan for air supply, hydrogen solenoid valves, a simple 
monitoring & control system, and batteries for start-up.  In contrast, a system manufactured by 
Plug Power, the GenCore, employs a humidification system, power-conditioning system, water 
cooling system, radiator, etc.  The chosen system and stack design depends on the targeted 
application.  For back-up power, where reliability is the most important factor, a relatively 
simple fuel cell system is desirable.  Increased complexity, with a higher number of system 
components, introduces more points of failure.  Fuel cell systems that do not have humidification 
control or specific cooling systems can not be operated at high-power densities.  However, high 
power density is not a major consideration for backup applications as it is for mobile 
applications.  
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2.3 PERFORMANCE OF A PEM FUEL CELL 
A detailed schematic of an operating fuel cell is shown in Figure 2.8.  Each process shown in 
Figure 2.8 is described below, with subsequent subsections detailing the three main losses and 
common steady state equations. 
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Figure 2.8 Processes Occurring in a Function PEM Fuel Cell 
Air flows across the cell cathode, accomplishing both processes of O2 supply and H2O exhaust.  
As oxygen is consumed during operation, a concentration gradient is generated that drives 
oxygen diffusion to the electrode from the air flow stream.  The electrodes, anode and cathode, 
have highly porous structures, consisting of very small flow channels, or micro channels.  As 
oxygen moves into the electrode, it flows via capillary action, i.e. the affinity the flow channels 
have for the fluid flowing through them [16].   
 
The half-cell reaction at the cathode occurs in multiple steps, including oxygen adsorption onto a 
catalyst site, the reaction with hydrogen ions, and finally the desorption of H2O from the catalyst 
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site.  In section 2.2.2, a three-phase boundary consisting of a catalyst, electrolyte, and gas phase 
was described as the only place where half-cell reactions could occur.  In actuality, catalyst sites 
may be covered in a thin layer of electrolyte, with oxygen dissolving into the electrolyte liquid 
phase before migrating to the catalyst site.  H2O is generated at the cathode surface and will 
evaporate into the air stream depending on the relative humidity.  By controlling the humidity, 
temperature and flow rate of the incoming air, H2O evaporation can be controlled.    
 
Excess air is always passed through the fuel cell, ensuring the partial pressure of the oxygen does 
not fall too low in any part of the cell, which would reduce performance.  The airflow through 
the fuel cell is usually quantified by the stoichiometric value, which is the inverse of utilization, 
i.e. a stoichiometry of 4 corresponds to 25% of the oxygen in the air being consumed.  The 
airflow stoichiometry, temperature and the operating pressure of the fuel cell will determine the 
H2O evaporation rate.  In most cases, ensuring the membrane retains an adequate hydration is the 
challenge.  In many fuel cell systems, the air, hydrogen, or both, are externally humidified 
preventing the cell from drying out.  Systems that do not use external humidification must 
operate at lower temperatures (< 60oC), and lower current densities such that adequate voltages 
are maintained.  
 
A similar sequence of gas adsorption and charge transfer occurs at the anode, with the resulting 
hydrogen ion entering the membrane electrolyte.  As hydrogen ions are generated at the anode 
and consumed at the cathode, a hydrogen ion concentration gradient forms across the membrane 
driving hydrogen ion diffusion from the anode to the cathode.  An additional mechanism for 
hydrogen ion transport is migration, where electrostatic repulsion of adjacent ions forces them 
toward the cathode.  As stated in section 2.2.1, hydrogen ions move through the membrane as 
Hydronium ions, H3O+.  Therefore, for each H+ ion, at least one water molecule is “dragged” 
from the anode to the cathode.  This phenomenon, known as electro-osmotic drag, is an 
important factor for membrane hydration management.  Electro-osmotic drag is defined by the 
amount of water molecules per hydrogen ion, H2O/H+, and has been suggested to be as high as 3.  
However, detailed studies by Zawodzinski [17] found an electro-osmostic value of 1, which was 
independent of the water content in the membrane.  Subsequent work, such as Buchi et al. [18], 
has appeared to back this finding. 
 
H2O formation at the cathode and electro-osmotic drag causes a water gradient to exist in the 
membrane.  As a result, water will back diffuse from the cathode to the anode, thus re-hydrating 
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the anode.  The rate of water back diffusion is dependent on the concentration gradient, and 
governed according to Fick’s first law as shown in equation 2.14 [7], [18].    
dx
dC
Dflux OHOH 22=  2.14
Water can be delivered to the anode by humidifying the hydrogen, thus, diffusion may not occur 
if the anode side of the membrane has the same water content as the cathode side. 
 
The electrons generated at the anode flow through the electrode (catalyst layer), gas diffusion 
layer, the bipolar plate, and either to the cathode of the next cell, or through an external load.  
Electron flow is proportional to the active area of the fuel cell, so current density, [mA/cm2] is 
used when analysing fuel cell performance.  The typical current density of a PEM fuel cell lies in 
the range of 450 – 800 mA/cm2. 
 
2.3.1 THE ACTIVATION LOSS  
The largest voltage loss in a PEM fuel cell is caused by the slow chemical kinetics of the 
electrode half-cell reactions.  As with any chemical reaction a potential energy barrier, the 
activation energy, must be overcome for the reaction to proceed.  Therefore, some of the 
electrochemical potential is used to drive the electrochemical half-cell reactions, resulting in a 
voltage loss.  The activation energy of the cathode half-cell reaction is significantly larger than 
the anode.  Hence, the observed activation voltage loss for a PEM fuel cell is due predominantly 
to the electrochemical kinetics occurring at the cathode. 
 
The activation loss mechanism results in a voltage loss that is non-linear with current.  Assuming 
no other loss mechanisms are present, Figure 2.9 shows an ideal VI curve of a fuel cell operating 
at low current densities.  
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Figure 2.9 Ideal Voltage Behaviour of a Fuel Cell with Voltage Loss caused by the 
Activation Loss Mechanism Only  
Figure 2.9 also shows there is no voltage loss up to a certain point, designated by the current 
density value iex [mA/cm2].  Essentially, the exchange current density represents the rate of 
reactants interacting with the electrode that have enough energy to overcome the potential energy 
barrier.  Thus, ideally, if the operating current were below this limit, the measured potential of 
the cell would equal the voltage as given by the Nernst equation.  In practice, the crossover 
current exceeds the exchange current for all practical PEM fuel cells.  This has the effect of 
shifting the whole VI curve to the left by the cross over current amount, resulting in the OCV 
being less than the reversible voltage.  
 
Figure 2.9 shows a single exchange current density, iex.  However, there are two distinct 
exchange current densities, one for each electrode.  Each exchange current density defines the 
rate of the half-cell reactions while the fuel cell is in an open circuit state.  This is shown in 
equations 2.15 and 2.16. 
 
H2 ⎯→← Aexi ,  2e– + 2H+ 2.15
 
O2 + 4e– + 4H+ ⎯→← Cexi ,  2H2O 2.16
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Where iex,C and iex,A are the exchange current densities of the anode and cathode half-cell 
reactions.  With the activation loss being dominated by the cathode electrochemical kinetics, the 
cathode exchange current density, iex,C is much lower than that of the anode, iex,A thus the current 
density reached before a loss is incurred is dictated by the exchange current density at the 
cathode, i.e. iex = iex,C in Figure 2.9.  In general, the higher the exchange current density, the more 
active the electrode is, resulting in a lower activation loss.   
 
The voltage loss as a function of current can be derived from electrochemical theories developed 
by Butler-Volmer [21].  However, in practice a simplified semi-empirical equation is often used, 
the Tafel equation, which is given below [3].         
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
ex
act i
i
F
RT ln
2αη   2.17
 
Where α is the charge transfer co-efficient, approximately 0.5 and ηact is the voltage drop due to 
the activation loss mechanism.  It should be noted that the exchange current density, iex strongly 
dictates the shape (and hence voltage loss) for the entire VI range.  It will be shown later that this 
equation is further simplified with the constants lumped together into a single parameter, the 
value of which is evaluated from experiment.  Clearly, equation 2.17 only is true for i > iex. 
 
Measures to reduce the activation loss are related to the manufacturing of the electrode, rather 
than the operating conditions of the fuel cell.  The use of an electro catalyst, such as Pt is vital 
for PEM fuel cell operation for reducing the activation energy required for the half-cell reactions.  
Without a catalyst, the activation loss would be so high, no useful work could be extracted from 
the fuel cell.  As the activation loss is far greater for the oxygen half-cell reaction, some fuel cell 
manufactures increase the catalyst loading on the cathode.  The surface area is also vital, 
essentially increasing the exchange current density by providing more reaction sites per unit 
area.   
 
The fuel cell operating conditions also affects the activation loss.  As the fuel cell operating 
temperature increases, the activation loss decreases.  Essentially, at higher temperatures a greater 
number of reactants have enough energy to overcome the activation energy barrier, thus 
increasing the exchange current density.  Higher pressure also is known to decrease the 
activation loss through increased catalyst site occupancy [3].  Although the activation loss is 
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affected by the operating conditions, in practice, fuel cell operating conditions are dictated by 
membrane hydration rather than optimizing the operating conditions to minimise the activation loss. 
 
2.3.2 THE RESISTANCE LOSS 
The resistance loss, also referred to as the ohmic loss, arises from current flowing through the 
various conductors of the fuel cell stack.  Ionic resistance of the membrane is the primary cause 
of resistance loss, although electronic resistance of the bipolar plates, gas diffusion layers, 
electrodes and contact resistances between these different materials also contributes.  As the 
membrane resistance is most significant in a PEM fuel cell, this discussion will focus on the 
ionic resistance and how it is affected by the physical state of the membrane. 
 
The water content of the membrane is the most important factor in determining the ionic 
resistance.  The water content of a membrane is defined most commonly as the ratio of water 
molecules per sulfonic acid site, i.e. λ = H2O/ SO3–1.  Zawodzinski et al. [20], measured the 
resistance of Nafion 117 at various states of hydration (λ = 2 – 22), and showed the resistance 
decreasing linearly with increasing water content.  The relationship was quantified in a previous 
publication [21] and is shown in equation 2.18. 
 
0032600051390
C30o
..T −== λσ  for 1>λ  2.18
 
Where σ is the conductance, [S/cm] measured at 30oC.  The ionic resistance as a function of 
temperature was also investigated and the following combined expression for Nafion 117 was 
derived [21]. 
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Although the ionic conductance increases with increasing temperature, the variation over the 
operating temperature range is much smaller than the variation due to hydration. 
 
Membrane hydration, hence the ionic resistance, is determined by the operating conditions of the 
fuel cell.  For example, Cai et al. [22] measured the resistance of a PEM fuel cell operating with 
dry hydrogen to be 0.493 Ωcm2 (Nafion 115, operating at 500 mA/cm2), where as with saturated 
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hydrogen (at 333K), the ohmic resistance drops to 0.345 Ωcm2.  For both tests the cathode 
humidity was kept at 0.56 and the stoichiometry of the air and hydrogen was 1.1 and 2.5 
respectively.  The performance of the cell will clearly improve with lower resistance.  For the 
two cases listed above the cell voltage while operating on dry hydrogen was 0.521 V compared 
with 0.618 V with saturated hydrogen. 
 
The resistance as a function of current density has also been investigated.  For example, Springer 
et al. [21] showed that the membrane (Nafion 117) resistance increased linearly with current 
destiny, from 0.24 Ωcm2 at 0 mA/cm2, to 0.40 Ωcm2.  However, Cai, et al.[22] found the 
resistance of Nafion 115 and 112 to decrease when measured at a current density of 500 mA/cm2 
compared with the resistance measured at 300 mA/cm2.  In both cases, the different current 
densities cause the water content in the membrane to change, leading to a change in resistance.  
Whether the water content increased or decreased depends on the operation conditions of the fuel 
cell, such as humidification of the reactant gases, stoichiometric flow, temperature and pressure..  
Under certain operating conditions, a higher current will reduce the water content on the anode 
side of the membrane due to electro-osmotic drag, thus increasing the membrane resistance.  
Under a different set of operating conditions, the water content of the membrane will increase 
due to the increasing rate of water production at the cathode.  The two experiments cited above 
were conducted under different operating conditions, leading to the different observed change in 
resistance with current density. 
 
As with any ohmic resistance, the fuel cell resistance loss results in a voltage drop, ηres that is 
proportional to the operating current as shown in equation 2.20. 
rires =η   2.20
If i, the current density is given as mA/cm2, then r is given as the area specific resistance kΩ·cm2 
[3].  As will be shown in Section 2.3.4, the resistance loss is exclusively modelled as a constant, 
whose value is determined by fitting experimental data to a model that includes the other major 
loss mechanisms. 
 
In summary, the resistance, and hence the fuel cell performance, is strongly dependent on the 
membrane water content.  The amount of literature focusing on hydration and water management 
reflects the importance of this fuel cell aspect (for example  [17], [18], [20], [22]-[27]). 
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2.3.3 THE MASS TRANSPORT LOSS 
The mass transport loss occurs when the reaction rate approaches the maximum rate at which a 
reactant/product can be delivered/removed.  Figure 2.6 shows numerous species are transported 
in a PEM fuel cell; reactant gas diffusion to the electrode surface, H+ ionic conduction with 
associated electro-osmotic drag of H2O, membrane back diffusion of H2O, and H2O evaporation 
and diffusion from the cathode.  Any one of these species could have a low transport rate limit 
that when approached, would result in a voltage loss.  The cause of voltage loss depends on the 
specific species involved, and is described below.  
 
The limiting rate at which oxygen can diffuse to the surface of the cathode is often cited as the 
dominant mass transport loss mechanism [3].  As the maximum rate of O2 diffusion is reached, 
the partial pressure of the O2 at the cathode surface will decrease, resulting in a voltage loss as 
evident from the Nernst equation.  Assuming the pressure of oxygen decreases in proportion to 
increasing current, and is zero at the limiting current, il, the voltage loss can be derived by a 
simple Nernst analysis [3] 
⎟⎟⎠
⎞
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l
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In theory, B equals RT/4F for oxygen, (and RT/2F if hydrogen is the limiting reactant).  In 
practice, equation 2.16 or any other analytical model has not been used in the literature for 
modelling the mass transport loss.  Instead, a purely empirical approach is employed, which is 
described in more detail in Section 2.3.4. 
 
A mass transport mechanism related to oxygen access to the cathode, is the rate of H2O 
evaporation and diffusion.  If the rate of water removal from the cathode is less than the rate at 
which it is generated, liquid water can build up in the electrode or flow channels.  This is 
commonly known as flooding.  Clearly this will prevent oxygen from reacting at the cathode, 
resulting in voltage decline. 
  
A likely cause of mass transport loss that has been cited more recently in the literature, originates 
from water transport within the membrane.  At high current, the back diffusion of water may not 
be sufficient to compensate for electro-osmotic drag.  Therefore, the anode side of the membrane 
becomes dehydrated leading to high ionic resistance and a high voltage loss.  A number of 
authors have shown water back diffusion to be the limiting mass transport loss mechanisms.  For 
example, Du et al. [8] investigated the performance of cells, each with a different membrane.  
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The mass transport loss was found to be higher for cells using a thicker membrane.  Thus, it was 
concluded that the mass transport loss originates from changes in water distribution within the 
membrane (caused by H+ transport) i.e. water cannot back diffuse as quickly in a thick 
membrane.  However, in this experiment cells were operated with pure O2, thus the mass 
transport loss from oxygen diffusion is not present.  An air breathing planar fuel cell, where the 
cathode is exposed directly to the air, also showed a mass transport loss originating from water 
back diffusion in the work of Chu et al. [28].  With increased humidity operation at the anode, 
the mass transport loss was found to decrease (due to increased membrane hydration).  In 
addition, the higher the operating temperature, the larger the mass transport loss, which was 
attributed to increased drying of the membrane. 
 
The specific mass transport loss mechanism is dependent on the type of fuel cell and operating 
conditions.  Most likely, water back diffusion in the membrane, or oxygen diffusion to the 
cathode will be the specific mass transport loss mechanism.  Once again, the impact water has on 
the operation of the fuel cell is evident, not only effecting the resistance loss, but also dictating 
the mass transport loss and the limiting current of the fuel cell.  
 
2.3.4 COMMON STEADY STATE EQUATIONS 
The measured voltage from a practical fuel cell differs significantly from the reversible voltage 
of 1.23V.  Figure 2.10 shows the characteristic voltage current curve.  
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Figure 2.10 Typical PEM Fuel Cell VI Curve 
 
In general, the three main loss mechanisms dominate the voltage behaviour at different current 
ranges.  At low current values, the activation loss causes a steep decline in the voltage.  Ionic 
resistance of the membrane together with electronic resistance of the electrodes and current-
collectors, results in a linear decrease in the voltage at nominal operating currents.  At high 
current, a rapid decay in voltage occurs due to the mass-transport loss mechanism.   
 
Ideally, the open circuit voltage (OCV) would not be affected by the loss mechanisms, and 
should equal the reversible voltage 1.23V.  Figure 2.10, is typical for all PEM fuel cells, and 
shows the OCV to be substantially less than 1.23V.  This is due to internal currents flowing 
through the membrane effectively making the fuel cell current non-zero at OC, resulting in a 
voltage drop due to the activation loss.  Fuel cross over, where molecular hydrogen travels 
through the membrane reacting with oxygen at the cathode is accepted to be the main cause of 
internal currents in a PEM fuel cell.  Other mechanisms that cause internal currents to flow are 
conduction of the membrane (although very rarely documented) [3], and ion flow between 
adjacent cells(when a common membrane is used for multiple cells [29].   
 
0 100 200 300 400 500 600 700 800 
0 
0.2 
0.4 
0.6 
0.8 
1 
1.2 
Current density, (mA/cm2)
V
ol
ta
ge
 (V
) 
Reversible Voltage 
Activation loss 
Ohmic loss 
Mass Transport loss 
Open circuit voltage (OCV)  
 39
Mathematical definition of the VI curve in terms of fuel cell operating parameters has been the 
subject of much research.  In general, the cell voltage, E, is described by a relation of the form 
   
massohmicactEE ηηη − −−= 0  2.22
 
Where ηact, ηohmic, and ηmass are the losses associated with the activation, ohmic and mass 
transport mechanisms respectively.  E0 is the reversible voltage given by equation 2.13, (as 
derived in section 2.1).  Each loss term in equation 2.22 is a function of the current and the 
operating conditions of the fuel cell such as temperature, humidity and pressure.  For example, 
the activation loss reduces with increased temperature and pressure, thus increasing the cell 
voltage.   
 
There are two main approaches for obtaining a mathematical expression of the loss terms in 
equation 2.22; mechanistic and empirical.  A number of authors [30]-[34] have used a 
mechanistic approach.  This involves deriving functions for each loss mechanism from 
electrochemistry first principles and the species transport fundamentals.  The resulting loss terms 
are functions of many operating parameters, and depend on many electrochemical material 
properties.  As many of these values are not easily found, mechanistic equations are not often 
used to represent real fuel cell behaviour.  Instead, empirical models are used and are reviewed 
below. 
  
Empirical models are formed by fitting an appropriate equation to experimental VI data.  In most 
cases, the empirical equation will be a function of current only.  A typical empirical model given 
by Larminie and Dicks [3] is shown in equation 2.23  
( ) 0EiE =        actη−       massohmic ηη − −  
( ) ri
i
iibEiE n −⎟⎟⎠
⎞
⎜⎜⎝
⎛ +−=
0
0 log     
nime−  2.23
  
E0 = reversible voltage [V] 
i = operating current density [mA/cm2] 
i0 = exchange current density [mA/cm2] 
in = internal current (fuel cross over) [mA/cm2] 
b = empirical fitting value associated with activation loss [mV] 
r = empirical fitting value associated with resistance loss [kΩ·cm2] 
m, n = empirical fitting value associated with the mass transport loss [V, cm2/mA] 
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This type of equation is sometimes referred to as semi-empirical, as certain parts are derived 
from mechanistic considerations.  For instance, the logarithmic drop in voltage due to the 
activation loss is derived from electrochemical fundamentals. 
 
The mass transport loss term in equation 2.23 was first proposed by Charles E. Chamberlin, and 
described in the work of Kim et al. [9].  The empirical model used is shown in equation 2.24.  
 
( ) ( ) niOCV mriibEiE elog −−−=  2.24
 
Again, b, r, m and n are fitted parameters, and EOCV is the measured potential of the cell at open 
circuit, rather than the reversible voltage, E0, as used in equation 2.23.   
Equation 2.24 is most commonly used in the literature to model the VI performance of fuel cell.  
A number of slight variations are also used, for example, the model used by Chu et al. [28] is 
shown in equation 2.25 
 
( ) ( ) ( )mnimmiriiBEiE e1000log −−−=  2.25
dm iii −=   for dii >  
0=mi        for dii ≤  
 
In this model, the mass transport loss term only affects the voltage beyond a particular current, id, 
defined as the smallest current value where the voltage deviates from linearity in the ohmic loss 
dominated region of the VI curve.  
 
Some empirical models are functions of physical parameters in addition to current.  For example, 
equation 2.26 was used by Lee et at. [16] when modelling the current distribution, temperature, 
and humidity over an MEA surface,  
 
( ) ( ) ( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛−−−−=
2
2
logelog0
O
O P
PbnimriibEP,P,iE  2.26
Where P is the total pressure and PO2 is the oxygen partial pressure. 
 
Practical fuel cells are not operated near their limiting current values, due to the significant mass 
transport loss incurred.  Therefore, the mass transport loss term is often not required for practical 
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modelling purposes.  A simple empirical relation as given by equation 2.27 is often used [35], 
[8]. 
( ) ( ) riibEiE −−= log  2.27
 
All of the fuel cell models reviewed thus far only deal with the steady state performance of the 
fuel cell.  The dynamics of the fuel cell, such as the voltage response to a change in current are 
also important aspects of fuel cell performance.  These aspects will be addressed in Chapter 3, 
where methods of fuel cell testing, and equivalent circuit modelling of fuel cells is reviewed. 
 
2.4 DEGRADATION AND FAILURE OF PEM FUEL 
CELL SYSTEMS 
An important consideration in a back-up power application is the degradation and potential 
failure of a fuel cell system.  As PEM fuel cells are a relatively new and emerging technology, 
and one that is constantly evolving, degradation and lifetime issues are not well known.  This 
lack of knowledge is further exacerbated by the proprietary nature of fuel cell research and 
development.  The main degradation mechanisms and resulting effects are briefly discussed. 
 
Catalyst poisoning occurs when contaminants in either the air or fuel supply, particularly CO and 
sulphur compounds, absorb onto the catalyst preventing electrochemical reactions from 
occurring.  As a result, the activation loss increases, reducing performance.  Catalyst poisoning is 
of particular concern when the fuel cell is operated on a reformate fuel stream, which can contain 
significant amounts of impurities.  Contaminates are costly to remove and so poisoning is a real 
operational issue for UPS applications.   
 
Catalyst agglomeration is a gradual process, where the fine catalyst particles combine.  This 
process reduces the catalyst surface area, eliminating sites where electrochemical reactions can 
occur.  Again, the effect is an increase of the activation loss, and a decrease in the performance.   
 
The polymer membrane can degrade and lead to the failure of the fuel cell in a number of ways.  
The polymer is based on PTFE, which is chemically and physically stable and will not break 
down easily, or react chemically.  However, the sulphonic acid groups, which enable the 
membrane to conduct, are susceptible to chemical attack.  For example, contaminant ions can 
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take the place of the H+ and cause cross linking of the polymer side chains [36].  This results not 
only in a reduction of charge carriers (H+), but also in a reduction in the water carrying capacity 
of the membrane.  Contaminant membrane degradation effectively increases the ionic resistance 
and reduces performance [37]. 
 
Membrane degradation can also be caused by operating the fuel cell at inadequate humidification 
levels, and in the extreme case, can lead to complete cell failure.  At low membrane hydration, 
(hence high resistance), holes can form in the membrane [27].  As PEM fuel cells are operated 
with the anode at a higher pressure than the cathode, significant amount of H2 gas to flow under 
pressure to the cathode.  At high current, the electrode can delaminate from the membrane 
clearly leading to complete cell failure [36].   
 
Degradation in a PEM fuel cell is exacerbated by start-up/shut-down cycling.  The changes in 
hydration levels during cycling cause the membrane to swell and contract.  Thermal cycling is 
known to increase the rate of degradation due to material stress [38].   
 
Clearly, the cell is not the only point of failure in a fuel cell system.  If any of the auxiliary 
systems fail, the stack will not be able to function.  Fuel cell systems designed for backup power 
are most likely to have simple system designs, thus the source of failure is likely to be the stack 
or the cell itself.  As stated previously, if a single cell performs poorly, this limits the operation 
and hence performance of the entire fuel cell stack.  If a single cell fails, then the stack fails.   
 
2.5 PHYSICAL SIMILARITY TO A DOUBLE LAYER 
CAPACITOR (DLC) 
In the literature, fuel cells are generally analysed and compared with similar electrochemical 
devices such batteries or electrolysis cells.  The comparative analysis taken in this research is to 
compare a fuel cell with a specific type of capacitor; the double layer capacitor (DLC).  This 
approach is taken because a fuel cell in a passive state, is physically and electrically similar to a 
DLC   
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This section briefly describes the physical construction of a double layer capacitor, and the 
fundamental principles of operation.  The similarity between a DLC and a passive PEM fuel cell 
is also discussed.  
 
2.5.1 PHYSICAL DESCRIPTION OF A DLC 
The basic construction of any DLC consists of two electrodes, separated by an electrolyte that 
contains free moving ions.  Under an applied voltage, a double charge layer forms at the 
electrode–electrolyte boundary as the ions in the electrolyte are attracted to the charge on the 
electrode.  As the charge separation between the electrolyte ions and electrode surface charge is 
very small, in the order of a number of molecules, the capacitance of a DLC is extremely large.  
Figure 2.11 shows a schematic of a charged DLC. 
 
Electrode ElectrodeElectrolyte
Ion permeable
separator
Current
collector
Current
collector
 
Figure 2.11  A Double Layer Capacitor (DLC) Under an Applied Potential 
 
DLCs are sometimes referred to as super capacitors or ultra capacitors.  However, these terms 
primarily refer to devices in which the primary charge storage mechanism is something other 
than the double charge layer, such as the absorption of electrolyte species into a solid crystalline 
electrode [39].  
 
2.5.2 MATERIALS USED 
The electrodes of a DLC consist of activated carbon, which possess a very high surface area.  
This is essentially the same electrode material in a PEM fuel cell, with the exception of the 
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platinum catalyst.  The electrolyte in a DLC can be organic or aqueous.  Usually organic 
electrolytes are used such as tetraethyl-ammonium tetrafluorborate and propylene carbonate [40], 
as higher voltages can be applied (up to 3V) before electrolyte breakdown occurs.  Although a 
higher operating voltage means more energy can be stored, organic based electrolytes suffer 
from a high ionic resistance.  Instead of an organic based electrolyte, an aqueous environment 
can be used such as H2SO4, similar to the acid in a PEM fuel cell.  Aqueous electrolytes have a 
lower ionic resistance [41]; however, their potential is limited to 1.2 V, as water will decompose 
at higher voltages. 
 
Recently, a number of DLCs have been constructed using Nafion®, the polymer membrane most 
commonly used for PEM fuel cells [42]-[44].  The construction method was essentially the same 
as for a PEM fuel cell and consisted of spraying an ink composed of Norit AS Super activated 
carbon (1150m2/g), Nafion solution and a solvent, on to two carbon cloths, forming the 
electrodes.  The electrodes were then hot pressed together, separated by a sheet of Nafion® 115 
[43]. 
 
Despite a DLC and a PEM fuel cell being physical similar, the processes occurring in each are 
distinctly different.  In a DLC, only non-Faradaic processes can occur, such as the movement 
and accumulation of ions and electrons.  However, in an operating fuel cell, Faradaic processes 
dominate, i.e., electrochemical reactions proceed due to a charge transfer between the electrolyte 
and the electrode.  
 
Due to the similarity between a double charge layer capacitor and a PEM fuel cell, consideration 
is given to testing and modelling these devices throughout this thesis.  The actual properties of 
the DLC will be examined when the testing procedures are discussed. 
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3 TESTING AND EQUIVALENT 
CIRCUIT MODELLING OF 
PEM FUEL CELLS 
 
This chapter reviews testing techniques and modelling commonly used to investigate a Proton 
Exchange Membrane (PEM) fuel cell.  Double layer capacitor (DLC) testing and modelling is 
also reviewed given the similarity between a PEM fuel cell and a DLC as outlined in Section 2.4.  
As steady state modelling of a PEM fuel cell was reviewed in Section 2.3.4, this chapter focuses 
on dynamic modelling of a fuel cell and a DLC.  Throughout this review, the practical aspects of 
fuel cell and DLC testing techniques are also considered.  The primary focus of this thesis is the 
development of an application based testing method.  Therefore, the practical requirements of the 
testing method are an important consideration for the deployment of the test as part of a UPS 
monitoring system, described in Chapter 1. 
 
Section 3.1 describes specific techniques commonly used for testing PEM fuel cells.  A review 
of equivalent circuit models used for modelling the dynamic behaviour of a PEM fuel cell is 
provided in Section 3.2, focussing on the representation of physical aspects such as the double 
layer capacitor and the resistance.  An overview of DLC testing is provided in Section 3.4, with 
Section 3.5 reviewing DLC equivalent circuit models.  A summary is provided in Section 3.5. 
 
3.1 EXISTING FUEL CELL TESTING TECHNIQUES 
The testing of Proton Exchange Membrane (PEM) Fuel Cells is wide ranging in terms of 
measured properties and testing techniques.  Testing objectives may include identifying specific 
properties, evaluating overall performance, or determining the state of a functioning fuel cell for 
control purposes.   
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In general, fuel cell testing methods have been derived from, or are the same as those used in 
other areas of electrochemistry.  For example, cyclic voltammetry has been used in a number of 
cases, usually with the PEM fuel cell in a half-cell configuration [1].  Material properties, 
particularly the membrane ionic resistance, have been measured ex situ using a variety of 
electrochemistry methods, such as 4 point Kelvin [2], and other techniques [3], [4].   
 
This type of testing is predominately used when fundamental insights into fuel cell processes or 
properties are required.  In addition, these testing techniques often require the fuel cell to be in 
physical configuration that is different from a commercially constructed stack.  The testing 
methods focused on in this thesis are ones that could be used in an application setting.  
Therefore, the test techniques reviewed in this section have been implemented on a fully 
assembled, functional fuel cell, one that has been manufactured for an application rather than for 
fundamental study.   
   
The next three subsections review testing techniques for commercial-ready fuel cell stacks while 
in operation; 
• VI curve evaluation 
• Electrochemical Impedance Spectroscopy 
• Current interrupt/pulse techniques   
In addition to these standard tests, a subsequent subsection reviews a number of tests conducted 
while the fuel cell is not operating, as this is the type of test developed in this thesis.   
 
3.1.1 VI CURVE EVALUATION 
The most common method of testing and characterising a PEM fuel cell or stack is to obtain a 
steady state voltage versus current (VI) curve.  The VI curve is obtained by holding the fuel cell 
operating conditions, such as the temperature, gas stoichiometry, humidity etc. constant, and 
measuring the steady state voltage at set current values.  For example, Figure 3.1 shows VI 
curves for cells using different membranes, as obtained by Du et al. [5]. 
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Figure 3.1 VI Curves of Cells Operating at 80oC with Pure O2 and H2, Du et al [5] 
 
As described in Section 2.3, the three main loss mechanisms dominate at different current 
ranges, thus the VI curve can be used to determine the magnitude of each loss mechanism.  This 
can be done by either measuring specific aspects of the VI curve, or evaluating parameters of a 
model.  For example, Forrai et at. [6] equated the slope of the linear region of the VI curve to the 
ohmic resistance, where as Kim et al. [7] found the ohmic resistance by fitting an empirical 
equation to the VI data.  Using the VI curve to obtain loss values is not particularly accurate, as 
each loss mechanism affects the voltage at each current point.  For example, the ohmic resistance 
value will depend on exactly which part of the VI curve was used, and Kim et al. found the 
ohmic resistance value to change substantially when a mass transport loss term is added into an 
empirical equation [7].  In general, the VI curve provides the net performance of an active stack 
under a certain set of operating conditions.   
 
To assess the impact of operating conditions, or certain physical attributes of the fuel cell, a 
family of VI curves is often obtained.  For example, the effect membrane thickness (see table 
2.1) has on the voltage performance is clearly shown in Figure 3.1.  With increasing membrane 
thickness, the ohmic resistance increases, as estimated by the slope in the linear region of the VI 
curve.  The mass transport loss also increases with increasing membrane thickness, as the drop-
off in potential is observed to occur at lower current densities with thicker membranes.  This 
indicates that water back diffusion through the membrane is the specific mass transport loss 
mechanism in this case.  The way operating conditions, such as humidity or pressure, effect the 
performance are also commonly examined using a set of VI curves.  For example, Buchi and 
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Srinivasan [8] investigated the performance at different humidity levels, finding decreased ohmic 
and mass transport loss with increased humidity.  
 
VI curve evaluation can be implemented on a single cell or a stack.  If implemented on a stack, 
the VI curve of each cell is obtained by measuring the individual voltage of each cell.  VI curves 
are obtained in a lab environment, where accurate control over testing conditions can be 
maintained. 
 
3.1.2 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS) 
Electrochemical Impedance Spectroscopy (EIS) or AC impedance testing is commonly cited in 
the scientific literature for determining fuel cell properties.  The technique consists of applying a 
low amplitude sinusoidal voltage (or current) onto the fuel cell, and measuring the phase and 
amplitude of the current (or voltage), from which the impedance is calculated.  A frequency 
sweep is used (typically 10mHz to 100kHz) in order to obtain a full AC impedance spectrum.  
Usually, a functioning fuel cell is tested, in which case the AC perturbation is superimposed onto 
a DC load.  The DC load can be changed such that the AC response is obtained over the entire 
operating regime of the fuel cell.   
 
The fuel cell impedance is displayed and analysed in one of two ways.  A Bode plot is shown in 
Figure 3.2, where the absolute impedance and phase shift (not shown in this case) is plotted 
against the frequency.  This bode plot by Andreas et al. [9] compares the impedance of three 
PEM cells, each having a membrane with a different EW.  All cells were operated at 283 
mA/cm2, with the H2 (humidified at 80oC) and O2 (dry) flowing at stoichiometric values of 2, 
and a cell temperature of 75oC.   
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Figure 3.2 A Bode Plot of the AC Impedance Response of PEM cells Employing 
Membranes of Different Equivalent Weights, produced by Andreaus et al. [9] 
 
The impedance spectrum can also be displayed as a Nyquist Plot, where the imaginary 
impedance is plotted against the real impedance.  A typical Nyquist plot is shown in Figure 3.3, 
also obtained by Audreaus et al. [9], with the PEM fuel cell operated at 500 mA/cm2, with the 
rest of the operating conditions the same as previously described. 
 
 
Figure 3.3 A Nyquist Plot of AC Impedance Response for a PEM Fuel Cell at 500mA/cm2, 
produced by Andreaus et al. [9] 
 
EIS is accepted to be superior over steady state VI curve evaluation for separating out and 
identifying the different loss mechanisms of a fuel cell, due to the association of certain loss 
mechanisms with particular frequency ranges [10].  For instance, at very high frequencies, the 
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impedance is only due to ohmic losses, predominantly the membrane ionic resistance.  At 
intermediate frequencies, charge transfer resistance, coupled with the double layer capacitance, 
adds to impedance.  Finally, at low frequencies, diffusion/mass-transport losses also contribute to 
the measured fuel cell impedance [9], [11].   
 
Different loss mechanisms contribute to the impedance at different frequency limits.  However, it 
is not always clear what specific features of the impedance spectrum relate to which processes 
and material properties of the fuel cell.  In order to relate test results to cell conditions, multiple 
tests are conducted with the fuel cell held at different operating conditions for each test.  For 
example, Andreaus et al. [12] obtained a number of impedance spectra, with the fuel cell 
operating at different hydrogen humidity levels for each spectra.  With higher humidity, the 
impendence at low frequencies was found to decrease significantly.  It was concluded that the 
low frequency impedance is attributed to low water content on the anode side on the membrane, 
thus the primary mass transport loss mechanism is water back diffusion through the membrane.  
This is further confirmed by the fact that cathode hydration has little effect on the impedance 
spectra.     
 
EIS can only be implemented on a single cell, and requires substantial electronic equipment to 
generate the required signal and measure the corresponding response.  The testing process itself 
can be difficult, particularly at the frequency extremes.  At very low frequencies, the time for a 
single cycle will be long, in which time the physical state of the fuel cell may change.  At high 
frequencies, stray inductance from the testing leads can be problematic.  Thus, 50kHz is 
generally accepted as the upper limit with the impedance at higher frequencies having to be 
extrapolated [13].  With these practical considerations, most would agree that EIS is limited to 
laboratory testing only.  However, some have considered how this technique could be used in an 
application as explained below. 
 
A patent by Freeman et al. [14], describes a portable, self-contained testing system.  The system 
consists of a CPU, AC signal generator and measurement/analysis components, which allows the 
fuel cell impedance to be measured at discrete frequencies.  The ultimate intention of the test 
system is for active control of the fuel cell in automotive and stationery applications.  The 
authors did not state how individual cells could be measured, therefore, it is assumed only bulk 
stack properties are obtained.  The importance of individual cell measurements was treated in the 
patent of Kelly et al. [15].  To obtain individual cell properties, additional electrodes were 
integrated on to each cell and used for testing and monitoring.  The electrodes are subject to 
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either AC or DC, enabling cell properties to be acquired.  In general, the testing methods 
proposed in both patents are complex, requiring either a complex test signal and measurement, or 
individual test elements to be built onto each cell.  Therefore, the test methods are not 
particularly suited for an application such as UPS, which requires the test method to be 
integrated into a fuel cell system. 
 
3.1.3 CURRENT INTERRUPT/PULSE TESTING 
Current interrupt methods have been proposed as a simpler technique than EIS for obtaining fuel 
cell properties, and are commonly used  [6], [16]-[24].  The method involves subjecting a 
functioning fuel cell to a step change in current, with the voltage transient measured.   
 
Forrai et al. [6] conducted a current interrupt on a small fuel cell, which has a nominal operating 
point of 0.2A and 0.7V.  The imposed current interrupt was from approximately 0.4A to open 
circuit; the resulting voltage transient is shown in Figure 3.4.  
 
Figure 3.4 Voltage Transient Resulting in the Fuel Cell Current Being Instantly Reduced to 
Zero, reproduced from Forrai et al. [6]  
 
The sudden change in voltage, Vr, is attributed to the ohmic loss in the fuel cell, with the 
exponential rise in voltage due to the capacitance and activation loss [16], [23].  These fuel cell 
properties are explicitly calculated in Section 3.2.2, with reference given to an equivalent circuit 
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model.  Longer voltage transients have been attributed to diffusion losses when, for example, a 
molten carbonate fuel cell was subjected to a current interrupt test [18].   
  
A variation of the current interrupt method involves subjecting a functioning fuel cell to a short 
duration current pulse.  For, example Andreaus et al. [12] imposed a current pulse of 1A for 
0.9ms on a cell with an active area of 28cm2 operating at 500mA/cm2.  The ohmic loss, 
attributed primarily to the membrane ionic resistance, was calculated from the step change in 
voltage. 
 
Current interrupt, as with EIS, is used for finding the properties of a single cell.  An entire stack 
can be subject to a current interrupt test, but only net stack properties are obtained.  For example, 
Kong et al. [17] showed through basic circuit analysis that multiple cells connected in series, act 
in the same manner as one cell.  Thus, the ohmic resistance of the stack was measured from a 
stack current interrupt test, as was a combined activation and capacitance value. 
 
Although the test process is simple, high quality data (high measurement rate) is required to 
clearly distinguish the different voltage quantities.  In addition, subjecting a large (in terms of 
surface area) cell to a sudden change in current can be problematic, due to the large currents 
involved i.e. large switches would be required to obtain a clean current break, and arcing may be 
an issue. 
 
The current interrupt method has been suggested for use in an application.  For example, in the 
patent by Bai et al. [25], a functioning fuel cell had the ohmic resistance measured by current 
interruption.  As with EIS, only net stack properties were obtained when current interrupt testing 
is implemented on a stack.  
 
3.1.4 NON-ACTIVE FUEL CELL TESTING 
Most reported fuel cell testing has been conducted while the fuel cell is in an active state, i.e. 
hydrogen and air are present at the anode and cathode respectively, with current flowing through 
an external circuit.  Quantifying the individual loss mechanisms has been a primary objective.  
However, this can be challenging, particularly when separate activation losses at the anode and 
cathode are required.  For other electrochemical devices, such as batteries, a reference electrode 
can be inserted in the electrolyte to isolate the losses occurring at each electrode.  However, this 
is impractical for a PEM fuel cell.  A few experiments reported in the literature, test the fuel cell 
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in a non-active state, the objective being the measurement of individual losses, particularly the 
anode and cathode activation. 
 
A loss present at the cathode and not at the anode was demonstrated using a planar fuel cell, 
where the cells are formed on a common membrane [26].  When the cells are externally 
connected in series, internal currents flow due to lateral ionic conduction of hydrogen ions from 
the anode to the cathode of an adjacent cell.  A voltage drop is observed on each cell at open 
circuit, except for the cell at the positive terminal of the stack, as no O2 is being reduced.  In this 
test, oxygen and hydrogen are present at the anode and cathode, thus the fuel is in an operating 
state.  However, the fuel cell was not required to function for the test. 
 
Wagner et al. [27] [28], conducted two AC impedance tests with the fuel cell at open circuit 
using a symmetrical gas arrangement.  For one test, hydrogen was at the anode and cathode 
(H2|H2), for the other test, oxygen was at the anode and cathode (O2|O2).  The objective of their 
testing was to measure the charge transfer resistance (or impedance) of the hydrogen half cell 
reaction (using the H2|H2 test) and the oxygen half cell reaction (using the O2|O2 test).  In both 
tests, electrochemical reactions were occurring, due to the charge transfer between the electrode 
and electrolyte, (the objective of the test measurement).  The impedance of the O2|O2 test was 
found to be much higher than the H2|H2 test, indicating a significant impedance at the cathode 
compared to the anode, as expected. 
 
Andreas at al. [12] [9] also conducted AC impedance with a symmetrical gas arrangement; 
however, instead of imposing the AC signal with the fuel cell at open circuit, a DC current was 
forced through the cell at a current density of 500mA/cm2.  Effectively, the cell was operated as 
a hydrogen pump, where the electrochemical reactions, H2 ? 2H+ and 2H+ ? H2, occurred at 
the electrodes.  Again, the objective was to isolate the activation loss associated with one 
electrode, (just the anode in this case). 
 
Tsampas et al. [24] also conducted AC impedance using a symmetrical gas arrangement with the 
fuel cell at open circuit.  These authors did not discuss or try to measure the charge transfer 
resistance, not because charge transfer was not occurring, but because a large amount of catalyst 
was used thus reducing the resistance of the change transfer process.  Measuring the ionic 
resistance of the membrane was the objective of the test in this case.    
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All non-active operation test reported in the literature involve electrochemical reactions 
occurring, as determining the activation loss is the primary objective of the testing.  H2 is 
required to be in the cell for most of these tests.  A compete summary of fuel cell testing is 
provided at the end of this chapter, together with conclusions drawn from the modelling and 
DLC testing reviewed below.  
 
3.2 FUEL CELL EQUIVALENT CIRCUIT MODELLING 
The steady state characteristics of a fuel cell are either modelled by mechanistic or empirical 
equations.  As described in Section 2.3.4, the resulting models are very good at representing the 
steady state behaviour of the fuel cell, but do not include the dynamic behaviour.  The most 
common method used for modelling the dynamic behaviour of the fuel cell, is to use an 
equivalent circuit model (ECM).  
 
Many ECM’s have been proposed, and they range widely in terms of complexity and form.  The 
purpose of certain models has simply been to replicate a particular terminal behaviour of the fuel 
cell.  For example, Figure 3.5a shows an ECM proposed by Yu and Yuvarajan [29], [30] that 
reproduces VI curve and voltage transient behaviour induced by load changes.  A circuit that 
simulates the effects of inverter ripple current on a fuel cell was proposed by Choi et al [31], and 
is shown in Figure 3.5b.   
 
R1 R3
C1 C2R2 R4 R5 L1
C3 R6
V0,no-load
b)
C1
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DS
Q2
R2
R1
Q1
a)  
Figure 3.5 Behaviour Derived Equivalent Circuit Models Proposed by Yu and Yuvarajan (a) 
[29] and Choi et al. (b) [31]  
 
Generally, these models are empirical or phenomenological in nature.  Therefore, the structure 
and component values of the ECM do not relate directly to physical characteristics.  Existing fuel 
cell (and related electrochemical) ECMs that have been derived by considering the physical 
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nature of the fuel cell are reviewed in Section 3.2.1.  The techniques used for acquiring the 
circuit parameter values are reviewed in Section 3.2.2.  During this research, a novel ECM was 
derived in which physical meaning was placed on the structure and components of the model.  
The novel structurally derived ECM is fully explained in Chapter 4.  
 
3.2.1 PHYSICALLY BASED EQUIVALENT CIRCUIT MODELS 
A number of physically based fuel cell ECMs have been put forward in the literature.  Figure 3.6 
shows how these models are related to one another, and how they are related to the physical 
structure of a PEM fuel cell. 
 
A basic PEM fuel cell schematic is shown in Figure 3.6a, with the ECM most commonly used to 
model a fuel cell, (and other electrochemical cells) shown in Figure 3.6b [13].  Rionic, represents 
the ionic resistance of the membrane, RCT,A and RCT,C represent the charge transfer 
loss/resistance across the electrolyte/electrode boundaries at the anode and cathode respectively.  
The capacitors CDL,A and CDL,C represent the double layer capacitance present at the anode and 
cathode electrolyte-electrode boundaries. 
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Figure 3.6 Operational Schematic of a PEM Fuel cell a), shown with a common ECM (b) [13].  
Modifications on the Cathode side to take into account fuel cell diffusion (d) [27] and a general 
electrochemical cell (e) [13].  The classic transmission line model of porous electrode is shown 
in (f) [11].  A simplified fuel cell ECM often used (c) [32] 
 
Identification of individual electrode activation and capacitance properties is not often carried 
out as it requires non-standard testing techniques as described in Section 3.1.4.  Therefore, a 
simplified model shown in Figure 3.6c is often used (as in [32] [33]), and is commonly referred 
to as the Randle’s equivalent circuit.  In this circuit, the double charge layers and the activation 
resistances have been combined into a single resistor and capacitor respectively.  Occasionally, a 
complex, frequency dependent component is added to account for diffusion losses (as explained 
below).  This circuit has been used for interpreting the results of current interrupt and EIS test 
methods, as in [12].  Section 3.2.2 describes how the circuit model, basic circuit theory and test 
results are used for acquiring specific loss terms.   
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The mass transport or diffusion loss, commonly referred to as the Warburg impedance, has been 
modelled using an additional resistor RW and capacitor CW, and have been incorporated into a 
fuel cell ECM in a number of ways.  For example, Wagner et al. [27] models the Warburg 
impedance as an additional parallel branch as shown in Figure 3.6d.  An equivalent circuit model 
of a general electrochemical cell is shown in Figure 3.6d [13], where RW and CW have been 
added in series with the activation loss at the cathode.  The mass transport loss, or diffusion 
impedance, is commonly attributed to oxygen diffusion [27].  Therefore, the Warburg impedance 
is incorporated on the oxygen side (cathode) of the ECM.  It is commonly accepted that the 
diffusion impedance possesses a long time constant, with slow voltage transients induced by load 
changes are attributed primarily to diffusion effects [18].  
 
The classic transmission line model of a porous electrode, shown in Figure 3.7 has been used 
when specific properties of the catalytic layer were investigated [11], [34].  The model consists 
of an electronic resistor rail connected to an ionic resistor rail through capacitors, such that ionic 
and electronic charges must move through a range of resistance paths to charge the double layer 
completely.  Clearly, the model does not take into account charge transfer losses or any other 
active processes.  Instead, the model represents the physical nature of the electrolyte/electrode 
interface, or catalytic layer. 
 
Figure 3.7 Transmission Line Model of a Porous Electrode-Electrolyte Interface 
 
The proposed models shown in Figure 3.6 are simple representations of a fuel cell, thus they are 
somewhat limited in their behaviour prediction.  For example, the activation loss magnitude is 
logarithmically dependent on fuel cell operating current.  However, as a simple resistor is used to 
model the activation loss, the voltage drop increases linearly with current.  In order to capture 
fuel cell characteristics more accurately, the functional nature of certain circuit components has 
H+ H+ H+ H+ H+ H+
e- e- e- e- e- e-
Electrolyte Electrode 
Ionic Resistor rail 
Electronic resistor rail
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been modified.  For example, as the Warburg impedance is theoretically phase independent at 
high frequencies, Boillot et al. [23] used a constant phase element in place of a capacitor.  
O'Hayre et al. [26] used a voltage dependant current term instead of a resistor for modelling the 
activation loss, thus encompassing the logarithmic nature of this mechanism.  
 
None of the equivalent circuit models shown in Figure 3.6 show a source term, which represents 
the potential generated by the cell.  In many cases, a model representing an active fuel cell may 
not require a source term, as the ECM aims to model the loss and dynamic characteristics related 
to testing procedures, particularly in the case of EIS and current interrupt/pulse testing.  When 
the full performance of the cell is required, a source term can be added in a number of ways, as 
shown in Figure 3.8.  
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Figure 3.8 Fuel Cell ECMs Including Potential Terms with Randle’s Circuit Model (a), Source 
Term in Attributed to Each Half Cell Reaction (b) [26] and a Source Term in the Anode Only 
[16] (c)  
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A simple Randle circuit has the potential term placed in series as shown in Figure 3.8a, and is the 
most commonly used circuit.  Alternatively, a source term has been placed in series with one or 
both of the activation loss terms as shown in Figure 3.8b [26] and 3.8c [16]. 
 
3.2.2 CIRCUIT PARAMETER IDENTIFICATION 
The circuit models reviewed thus far are physically based.  Therefore, identifying the values of 
the circuit components provides information on the physical state of the fuel cell such as the 
magnitude of different loss mechanisms or the capacitance of the fuel cell. 
 
The circuit parameter values of an ECM are determined in a number ways, depending on how 
the fuel cell is tested.  Using a VI curve, the values of Rionic and RCT can be found, as discussed 
in Section 3.1.1.  However, as a VI curve only reveals the steady state performance of the cell, 
the capacitance values must be found by alternative transient testing techniques. 
 
An EIS impedance spectrum is used to find the circuit parameters of an ECM in one of two 
ways.  In both cases, the impedance as a function of frequency, Z(ω), is determined for the 
circuit model in terms of the circuit parameters.  In the first method, the circuit parameters are 
found by fitting Z(ω) to the experimental impedance spectrum.  This method can be used for 
finding the circuit parameters of a single cell, irrespective of circuit model complexity.  
However, a good fit to a complex model, does not necessarily mean a unique or physically 
meaningful circuit model and parameter values.  Instead of fitting to the impedance spectrum, 
the circuit parameter values can be estimated from particular regions of the spectrum.  For 
instance, at very high frequencies, the circuit model impedance tends to Rohmic as the capacitors 
act as short circuits. 
 
Voltage transients produced by current pulse/interrupt testing, together with simple circuit theory 
can also be used to calculate circuit parameters.  For example, Figure 3.9 shows the voltage 
response of a fuel cell, when current is instantaneously reduced to zero.  A fuel cell equivalent 
circuit model is also shown in Figure 3.9.  The parameter values of the circuit models are 
obtained as follows. 
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Figure 3.9 A Current Interrupt Test, Shown with the Common Fuel Cell ECM  
Initially, at constant current i0, the measured voltage across the cell, VCell, is the sum of the 
voltage source, VS and the voltage drop across the model resistors i.e.  
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RiRiVV 00
0
−−=<   3.1
 
Given Kirchoff’s law, the voltage across CDL will be –i0Ract, with respect to VS.  Immediately 
after the current is reduced to 0, t = t0, the potential drop across Rohmic also reduces to 0.  
However, the potential drop across Ract remains i0Ract due to the voltage across CDL.  Therefore, 
the measured voltage across the cell at t0 is thus  
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The instantaneous change in voltage at t0 is    
00
1 ttCellttCell
VVV <= −=Δ  
       ( ) ( )ohmicactSactS RiRiVRiV 000 −−−−=  
       ohmicRi0=  
3.3
 
Thus, the ohmic resistance is calculated using  
0
1
i
VRohmic
Δ=  3.4
 
The cell voltage will eventually reach VS, as the capacitor will discharge through RCT.  Therefore 
the change in voltage of the cell from just after t0 is given by 
[ ] actactSSttCelltCell RiRiVVVVV 002 0 =−−=−=Δ =∞→  
       ( )actSS RiVV 0−−=  
       actRi0=  
3.5
 
Therefore, the activation resistance is calculated using 
0
2
i
VRact
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As the charge on CDL is dissipated through RCT, the voltage across CDL reduces according to  
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Thus, the transient voltage across the cell after t0 is given by 
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As Ract is calculated, CDL can be found by evaluating the voltage at a certain time, or fitting 
equation 3.8 to experimental data.  Although this method appears straight forward, measuring 
ΔV1 and ΔV2 is difficult, as high quality data (high scan rate), is required for an accurate 
evaluation.  
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Current interrupt testing can be implemented on a stack to evaluate net stack properties.  Kong et 
al. [17] showed how the circuit model of a stack is the same as a single cell, and calculated the 
circuit values by subjecting the stack to a current interrupt test. 
 
Current interrupt has been used to find the parameters of circuit models with greater complexity 
than that shown in Figure 3.6.  Larmine [15] evaluated the circuit parameters of a model 
consisting of an Ract and CDL for each electrode (shown in Figure 3.8b).  However, as alluded to 
earlier, additional half cell experiments are required to distinguish specific anode and cathode 
properties.  Therefore, only the circuit parameters of a simple ECM shown in Figure 3.9 are 
found with current interruption. 
 
3.3 DOUBLE LAYER CAPACITOR (DLC) 
CHARACTERISTICS AND TESTING TECHNIQUES  
The behaviour of a DLC differs significantly from an ideal capacitor because of the charge 
storage mechanism.  Charge is stored by the formation of the double charge layer at the 
electrode-electrolyte interfaces.  The following subsections describe the two main test techniques 
used for characterising a DLC; charge/discharge methods, and electrochemical Impedance 
spectroscopy.  The behaviour and properties of a DLC is described, and compared to ideal 
capacitor. 
 
3.3.1 CHARGE/DISCHARGE TESTING 
Tests involving a simple DC charge and/or discharge are frequently used to characterise a DLC 
[35]-[41].  This method involves subjecting a single DLC to a controlled, constant-current charge 
and/or discharge, with the voltage response measured.  A typical voltage transient produced by 
Zubieta and Bonert [37] is shown in Figure 3.10, and is the result of a 470F DLC being subjected 
to a 30A charge, followed by an open circuit period and then being discharge at 30A. 
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Figure 3.10 Constant Charge, Open Circuit, then Discharge of a DLC (       ) and a ideal 
capacitor (   ×   ), Zubieta and Bonert [37] 
Figure 3.10 also plots an ideal capacitor of the same value, modelled with a series resistance.  
Clearly, there is a significant difference between an ideal capacitor and a DLC.  The remainder 
of this section details specific DLC properties that cause it to deviate from ideal behaviour.  
 
Unlike an ideal capacitor, the capacitance of a DLC is linearly dependent on the terminal voltage 
[37], [39], [42].  For example, a DLC rated at 470F had a measured capacitance of 375F at 0.5V, 
and 750F at 2.5 V [39].  Therefore, during a constant current charge, the voltage rate of change is 
observed to decrease as the voltage across the DLC increases.  For an ideal capacitor charged at 
a constant current, a constant increase in the voltage would be expected as shown in Figure 3.10.  
 
After the charge process ends and the DLC is held at open circuit, Figure 3.10 shows the voltage 
decaying.  Part of this voltage decay is due to leakage current.  For example, a DLC sold 
commercially by Maxwell™ Technologies, loses up to 1.5% of the stored energy per day 
through leakage current.  In addition, the variation in leakage current between many series 
connected cells requires voltage balancing to be employed [43], [44].  Although leakage current 
has been documented numerous times, the exact mechanism has not been explicitly described in 
the literature.  Electron flow directly across the DLC is assumed here. 
 
Leakage current is not the only phenomena responsible for the observed voltage decay.  After 
charging, the potential decays rapidly to a new open circuit voltage value, then continues to 
decay at a slow rate.  Clearly, the initial fast decay in voltage is not due to leakage current, if this 
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were the case, the voltage would continue to decrease rapidly at a rate proportional to the cell 
voltage.  Instead, the continuing ion movement, primarily at the porous electrode-electrolyte 
interface is responsible for the initial decay.  This is most often referred to as charge 
redistribution, and can be understood by considering the transmission line model of the porous 
electrode-electrolyte interface as shown in Figure 3.7.  Assuming the electronic resistance rail 
has negligible resistance compared to the electrolyte, the model capacitor nearest the electrolyte 
will contain more charge during the charging process.  After the charge step has ceased, ions will 
continue to penetrate further into the porous electrode, thus distributing the charge across all of 
the capacitors in the model and reducing the potential across the cell.   
 
The distributed capacitance is also believed to be responsible for a non-zero OCV, or rest 
potential.  Effectively, a DLC will retain a small OCV after being short-circuited, as some of the 
R C values (considering the transmission line model, Figure 3.7) will possess very long time 
constants.  For example, Zubieta and Bonert [36] found that a 450F with an initial voltage of 
1.82V, recovered to a voltage of 0.39V after being short-circuited for 48 hours.   
 
In summary, DC charge/discharge testing is relatively straight forward, requiring a constant 
current source and measurement of the transient voltage response.  Only single cells are tested 
and analysed using this method.  How a voltage transient of a DC test can be used for acquiring 
the values of an ECM will be shown in Section 3.4. 
 
3.3.2 DLC ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY   
Electrochemical Impedance Spectroscopy (EIS) has been widely used to test DLCs [45]-[48].  
The testing process is similar to that described for a fuel cell.  However, the AC signal is 
imposed around a constant voltage, thus a set state of charge, as opposed to a constant operating 
current in the case of a fuel cell.  As with fuel cell EIS, the results are displayed and analysed 
using either a Bode plot or a Nyquist Plot.  For example, Figure 3.11 shows a Bode plot obtained 
by Lufrano et al. [49] where the EIS of DLCs employing different electrolytes were examined.  
The N115 data refers to Nafion 115, a membrane commonly used in a PEM fuel cell.  The other 
two electrolytes used, FVH2SO4 and NRG50, are a porous glass fibre matrix impregnated with 1 
M H2SO4, and a recast Nafion prepared with 5% Nafion 1100 solution. 
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Figure 3.11 Bode Plot of Three DLCs Employing Different Electrolytes, Lufrano et al [49] 
A schematic Nyquist plot drawn by Kötz and Carlen [50] is shown in Figure 3.12, and again 
shows the difference between an ideal capacitor and a DLC. 
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Figure 3.12 Schematic Nyquist Plot of an Ideal Capacitor and a DLC, Kötz and Carlen [50] 
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The impedance of a capacitor is defined by equation 3.9 
( )
Cj
Z ωω
1=  3.9
where ω is the angular frequency. 
 
The capacitance of any device can be calculated given the absolute impedance, |Z(f)|, at a 
particular frequency, f , and the phase angle φ, 
( )( ))sin(2 1 φπ fZfCcell −=  3.10
The capacitance and equivalent series resistance (ESR) value of an ideal capacitor, as measured 
by EIS, are independent of frequency.  Thus, a straight line is obtained on the Nyquist plot, as 
shown in Figure 3.12.   
 
The capacitance and resistance of a DLC to decrease with increasing frequency.  Thus, a 
distorted (from vertical) line results in a Nyquist Plot, as shown in Figure 3.12.  The frequency 
dependent capacitance of a DLC is attributed to the to the porous electrode-electrolyte interface.  
At high frequencies, the ions to not have time to fully penetrate deep into the porous structure of 
the electrode, thus the capacitance value of the device is reduced.  A number of authors have 
investigated capacitance as a function of frequency, each finding frequency dependent 
capacitance characteristic [46], [49]-[51].  
  
3.4 EQUIVALENT CIRCUIT MODELLING (ECM) OF  
DOUBLE LAYER CAPACITORS (DLC)  
A standard electrostatic capacitor is simply modelled as an ideal capacitor with an equivalent 
series resistance.  As shown by Sections 3.3.1 and 3.3.2, a simple R-C model is inadequate to 
fully for represent the behaviour of a DLC due to properties such as leakage current, distributed 
capacitance, and voltage dependent capacitance.  Figure 3.13a shows a DLC schematic, together 
with an ECM occasionally used, as by Belhachemi et al. [41] and Spyker and Nelms [42], to 
discuss the properties exhibited by a DLC.  
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Figure 3.13  A DLC Shown in a) with a ECM based the Electrode-Electrolyte Transmission 
Line Model, Belhachem et al [41] 
 
The ECM is based on the transmission line model of a porous electrode-electrolyte interface, two 
of which are connected in series representing the cell.  The model is complex, consisting of 
many elements, and has little practical use, i.e. it is not used to simulate or predict the terminal 
behaviour of a DLC.  Instead, numerous, simpler ECMs have been proposed and are reviewed in 
the following section. 
 
3.4.1 COMMON ECM OF DLC 
The most common ECMs used to simulate the terminal behaviour of a DLC are shown in Figure 
3.14.   
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Figure 3.14 ECM of DLC as used by Gualous et al. (a) [40], Bonert & Zubieta (b) [36], Dougal 
et al. (c) [47], Larmaine (d) [16] and Buller et al. (e) [45]. 
 
The most dominant feature of the ECM presented in Figure 3.14, is the use of multiple R–C 
branches.  A model using two R–C branches, Figure 3.14d, is used by Larmaine [16].  Figure 
3.14a shows a slightly different two branch model as used by Gualous et al [40].  Bonert and 
Zubieta [36]-[39] used a three branch R–C as shown in Figure 3.14b.  The model parameters of a 
5 branch ECM were obtained by Dougal et al. [47] and Nelms et al. [48].  Figure 3.14e shows a 
circuit used by Buller et al. [45] where 10 R–C circuits were used.  However, each Ri and Ci (i = 
1–10) were derived from only 2 independent parameters.  In general, increasing the number of 
R–C branches increases the accuracy of the model, which is particularly important when long 
time scales are being simulated. 
    
The capacitance of a DLC is dependent on the terminal voltage.  Thus, a voltage dependent 
capacitor is used in some models, as shown in Figure 3.14a and b.  A linear function is used, as 
shown by equation 3.11 where a and b are empirical constants, determined by charging a DLC to 
various voltage levels.   
( ) bVaVC +=  3.11
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An inductor element is sometimes included, as show in Figure 3.14a and 3.14e when high 
frequencies are being modelled.  However, the inductance value is often ignored as it tends to be 
very small, in the order of nH.  
 
Most proposed ECMs of DLCs include a resistance that models leakage current, RL.  If highly 
dynamic regimes are being modelled, the leakage current would not have a significant effect and 
can be ignored as in the case of Buller et al. [45].  With the exception of RL, which corresponds 
directly to the leakage current, the other components of the model have no direct physical 
interpretation.  All models reviewed are empirical, and aim to reproduce the terminal behaviour 
of the DLC.   
  
3.4.2 DETERMINING ECM PARAMETERS OF A DLC  
The technique used to determine circuit parameter values clearly depends on the test method 
used, i.e EIS, or DC charge/discharge techniques.  For EIS, the ECM parameters are obtained by 
fitting the impedance expression (as a function of frequency) to the experimental data using a 
least squares fitting routine.  This method can be applied irrespective of circuit model 
complexity.  Fuel cell ECM values are also obtained in this way as discussed in Section 3.2.2. 
  
Using charge/discharge voltage transients for calculating the circuit parameters requires a 
number of assumptions.  The R–C branches are assumed to have distinctly different time 
constants.  Therefore, the voltage transient at a particular time is primarily due to a single R–C 
branch.  For example, the voltage transient immediately after a charge period, which is a rapid 
decline in voltage, is attributed just to the R–C branch with the smallest time constant.  In 
addition, capacitors in the ECM are assumed to have an initial voltage of zero, thus, the DLC 
itself must have a near zero initial voltage.  For this condition to be satisfied, Zebieta and Bonert 
[36] showed that a DLC must be short-circuited for a significant time.  For example, a 470F 
capacitor regained 26.5% of its voltage after being shorted for 12hrs, and regained 17% after 
being shorted for 48hrs.   
 
Whether EIS or DC charge/discharge testing is employed, the technique and corresponding 
analysis has only been reported in the literature for a single cell.  As with fuel cell testing 
discussed in Section 3.1 and 3.2, the techniques and analysis methods used to test a DLC are 
implemented on a single cell only.  The methods used for acquiring circuit parameters of a DLC 
are also only applicable for a single cell analysis. 
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3.5 SUMMARY OF TESTING TECHNIQUES AND 
MODELS FOR FUEL CELLS AND DLCS 
  
The vast majority of fuel cell testing has been conducted while the fuel cell is in an active state, 
i.e. producing power by electrochemically reacting hydrogen and oxygen at the anode and 
cathode.  A common testing objective is the identification of individual loss mechanisms, how 
these change with fuel cell operating conditions, and the impact different fuel cell materials 
have.  Even tests where the fuel cell was not in an operational state, such as AC impedance with 
a symmetrical gas flow arrangement, the objective of the testing procedure was to measure 
electrochemical processes, such as anode and cathode charge transfer losses.    
 
DLC testing was reviewed as the construction and materials of a DLC are similar to a PEM fuel 
cell.  DLC’s have been constructed using almost identical materials i.e. utilising Nafion as the 
electrolyte.  Testing methods used to characterise a DLC included EIS and DC charge/discharge 
methods.  A DLC was shown to behave differently than an ideal capacitor, specific properties 
including: voltage dependent capacitance, leakage current, and internal charge redistribution.  
Clearly, the properties associated with the ionic membrane and electrodes are exposed during 
this testing method even though no electrochemical reactions are occurring. 
 
A common method of modelling the dynamic behaviour of a fuel cell and a DLC is to use and 
equivalent circuit model (ECM).  Fuel cell and a DLC ECMs were reviewed.  Although many 
such models can be connected in series, thus representing a fuel cell stack, techniques for 
acquiring ECM parameter values are only applicable for a single cell.  
 
Throughout the testing review, the practical aspects of the fuel cell test methods were also 
considered, as the objective of this thesis is the development of a testing methodology that can be 
implemented into an application.  Of the three test methods reviewed in Section 3.1, only a VI 
curve test can be used to evaluate each cell within a stack, provided the voltage of each cell is 
monitored.  EIS and current interrupt/pulse can only be implemented on a single cell, and are 
rarely used for testing cells within a stack.  As described in Section 2.2.4, one bad cell can 
dictate stack performance and can mean the end of a stack’s useful life.  Therefore, a commercial 
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testing methodology, one that is integrated into the system must be able to measure properties of 
each cell in a stack.  In summary, existing fuel cell testing and analysis methods are not well 
suited for implementation into a backup power application.  
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4 PASSIVE STATE DYNAMIC 
BEHAVIOUR (PSDB) TEST 
METHOD: PROTOCOL 
DESCRIPTION AND 
MODELLING  
Existing fuel cell testing and analyses methods are not designed for testing in an application 
setting such as telecommunications back-up power.  The requirements for such a test method 
include simplicity, and the ability for each cell to be analysed without compromising run time or 
inducing stress in the fuel cell.  Of the testing methods reviewed in Section 3.1, the only 
possibility to test a stack in an application setting is to start the fuel cell system, and examine the 
voltage performance of each cell.  However, for back-up power applications there are some 
drawbacks to this approach.  Hydrogen fuel is consumed, thus, the run time of the system would 
be decreased after each test.  Eventually, the system would require servicing for the hydrogen to 
be replenished.  In Section 2.4, degradation of the fuel cell was exacerbated by thermal and 
hydration cycling caused by start-up and shut-down sequences.  In summary, as existing test 
methods are not suited for telecommunications back-up power, a novel test procedure is 
developed, named the passive state dynamic behaviour (PSDB) test. 
 
The PSDB is based on electronically probing the fuel cell while in a passive, non-functioning 
state.  While in a passive state, the fuel cell is claimed to act as an RC circuit, and by obtaining 
the parameter values of an equivalent circuit model, information about the active performance of 
the cells can be determined.   
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The PSDB test is introduced in Section 4.1, with an in-depth description provided in Section 4.2.  
A new equivalent circuit model is derived in Section 4.3, with subsections discussing model 
uniqueness, and the voltage response of a fuel cell as determined from the model.  Section 4.4 
briefly discusses the limitations of the new test, with concluding remarks given in Section 4.5.    
 
4.1 TEST METHOD INTRODUCTION 
The PSDB test is implemented while the fuel cell is in a passive, non-functioning state.  No 
hydrogen is present in the stack, with air at both the anode and cathode.  Therefore, no 
electrochemical potential can form across any of the cells during the test.  The fuel cell is tested 
electronically by imposing a sequence of DC electrical conditions, thereby charging and 
discharging the fuel cell in a capacitive sense.  As no electrochemical reactions will occur during 
the test process, the fuel cell response is attributed to electrical properties, such as the double 
layer capacitance, and resistance of the fuel cell.  It is hypothesized that the electrical 
characteristics of the cell, while in a passive state, will provide information on the physical 
properties and potential functionality of the fuel cell.  For example, if the electrodes of a cell 
have a high surface area, indicating good functionality, a high capacitance value would be 
measured when tested in a passive state. 
 
The results from the passive fuel cell test will be analysed primarily using an equivalent circuit 
model.  As all existing ECMs represent an active fuel cell, a novel, passive fuel cell ECM is 
developed.  A novel method for acquiring the circuit model parameters is described in Chapter 7.  
As each cell in the stack must be tested, the passive test method and equivalent circuit modelling 
must be applicable for multiple cell testing and analysis. 
 
4.2 DESCRIPTION OF THE PSDB TEST 
The fuel cell is electrically perturbed using a simple test circuit shown in Figure 4.1.  The test 
circuit consists of a DC voltage source, VCharge, two resistors, RCharge and RDischarge, and two 
switches, S1 and S2.  The same test circuit is used for testing a single cell or a stack of cells.  If a 
fuel cell stack is being tested, the test circuit is attached across the stack terminals and the 
voltage of each cell in the stack is monitored.   
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Figure 4.1 Test Circuit used for Implementing the Test Protocol 
The test circuit imposes a series of DC electrical conditions onto a cell or stack by closing and 
opening switches S1 and S2.  The following sequence is used; 
1. S1, S2 open: The initial voltages of the cells and stack terminals are measured  
2. S1 closed: The fuel cell is charged using a constant voltage source, VCharge, in series with 
the resistor RCharge 
3. S1 opened: The voltage source is disconnected, thus placing the fuel cell in an open 
circuit condition  
4. S2 closed: Charge held by the fuel cell is dissipated through the resistor RDischage  
5. S2 opened: The stack remains at open circuit for the remainder of the test  
 
An import aspect of the test is the value of the voltage applied across the stack.  Only small 
voltages are used ensuring no electrochemical reactions can occur, i.e. significantly less than 1.2 
V is across each cell at any point in the test.  Thus, there is no charge transfer across the 
electrode-electrolyte boundary, with only non-Faradic reactions occurring.  The test produces 
little stress on the PEM materials due to the low voltage used.   
 
Clearly, the five-step protocol could be modified.  For example, an additional charge or 
discharge sequence could be added to the test protocol.  However, the test protocol as described 
is used throughout this thesis, as it adequately demonstrates the behaviour of a passive fuel cell. 
 
The PSDB test process is simple, making it appropriate for an application setting.  The test 
circuit itself is very basic, and could easily be incorporated into a system.  The PSDB test 
requires the voltage on each cell to be monitored, which is a feature already built into most fuel 
cell the systems.  For example, the Avista SR-12, Plug Power Gen–Sys, and Plug Power Gen-
Core, constantly measure the voltage on each cell during operation for monitoring and control 
  RCharge
RDischarge
S2 
S1 
VCharge cell or stack 
Attached across a  
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purposes.  However, the voltage measurement accuracy would need to be improved, as at 
present, the Plug Power provides a 2 decimal place value, with a measurement rate of 1s, and the 
Avista SR-12 provides a 3 decimal place voltage value, but only updates cell voltages every 40 
seconds.  In general, the passive test method could be integrated into an application with minimal 
cost and design modification.    
 
4.3 NOVEL ECM FOR A FUEL CELL IN A PASSIVE 
STATE  
This section details the novel passive fuel cell ECM developed in this research.  A physically 
based ECM is desired, such that the circuit parameter values when found from a PSDB test can 
be related to the physical aspects of the fuel cell, and in turn the functionality of the active fuel 
cell.  The ECM is derived by considering the basic physical structure of a fuel cell.  Figure 4.2 
shows a PEM fuel cell in two states, without, and with an applied potential. 
 
 
Figure 4.2 Fuel Cell in a Passive state shown without (a) and with (b) an Applied Potential 
The electrodes are essentially two high surface-area conductors parallel to one another, thus a 
capacitor, Ca, is placed across the terminals of the circuit model as shown in Figure 4.3.  For 
charge to be stored on the electrodes (on Ca), current must be able to pass through each electrode 
with a related contact resistance.  Therefore resistor Rc is placed before capacitor Ca.  The 
presence of the membrane has a number of effects, one of which is the presence of leakage 
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current.  Hence, resistor Ra is placed across capacitor Ca.  The main effect that the membrane has 
on the cell is to increase the capacitance value.  Therefore, capacitor Cb is placed in parallel with 
Ca, with the addition of resistor Rb, which models the ionic resistance. 
 
Figure 4.3 Equivalent Circuit Model (ECM) of a Passive Fuel Cell 
The passive ECM model is significantly different from existing fuel cell ECMs, as a passive 
rather than active fuel cell is being modelled.  The following four subsections discusses these 
differences in detail.  Model uniqueness is discussed, and the behaviour of a cell and stack 
subjected to a passive fuel cell test is described.   
 
4.3.1 COMPARISON TO EXISTING ECMS 
A significant difference between the passive ECM and existing fuel cell ECMs, is the placement 
and physical interpretation of the two capacitors.  In existing models, the capacitors represent the 
electronic-ionic charge accumulation of each electrode and are connected in series.  In the 
passive ECM, one of the capacitors is due to the electronic charge on the electrodes, the other 
due to the charge distribution of the ions in the electrolyte.   
 
The passive ECM was derived by considering the fuel cell in a passive state, with the resulting 
model being different to existing models, thus the resulting model is expected to be different.  
However, taking a standard ECM of a fuel cell and reducing to a passive state, still results in a 
different model as is shown in Figure 4.4. 
 
  
Cb
Rb
Ra Ca 
Rc 
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Figure 4.4 Reduction of Standard ECMs to Model a Passive Fuel Cell 
No electrochemical reactions occur in a passive fuel cell.  Therefore, no charge crosses the 
electrolyte-electrode boundary.  As a result, the activation resistance, or charge transfer 
impedance, RCT, will have an infinite resistance value (open circuit).  When the charge transfer 
resistances are replaced with an open circuit (infinite resistance), the active fuel cell models 
reduce to simple R-C circuits.  The same circuit derivation was achieved when considering a cell 
composed of an ideal reversible electrode and an ideal polarisable electrode, which by definition, 
means no charge can be transferred across the electrode electrolyte boundary [1].   
 
Based on the similarity between a passive fuel cell and a DLC, a simple R-C model is predicted 
not to model the passive fuel cell adequately.  As will be shown when the results are examined, a 
simple RC circuit cannot represent the electrical response of a passive fuel cell to the testing 
protocol.   
 
The proposed model is very similar to DLC ECMs, and is the same as the 2-branch DLC model 
proposed by Nelms et al. [2].  However, physical meaning has been attributed to each 
component of the passive ECM. 
 
CDL,A CDL,C 
Standard ECMs representing active 
fuel cells 
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4.3.2 MODEL UNIQUENESS 
As a two terminal device, the fuel cell, is being modelled by a circuit containing 5 elements, the 
circuit form and thus circuit component values are not unique.  Figure 4.5a shows the original 
passive ECM proposed (excluding the Rc value), together with 3 other circuits that are 
electrically identical at the circuit terminals. 
 
10 F
300 Ω
60 Ω 0.5 F 10 Ω0.5 F 360 F
50 Ω
355.5 F 0.5007 F
10.14 Ω 49.86 Ω 0.525 F
272.1 Ω60 Ω
10.5 F
a)
b)
c)
d)  
Figure 4.5 ECMs that are Electrcally Identical from the Circuit Termainls 
The circuit values of the 3 alternative models, Figure 4.5b, c, and d, were obtained by observing 
that the series resistance must be the same for each circuit, and equating the impedance spectrum 
to that of the proposed circuit, Figure 4.5a.  As more than one model could replicate the 
electrical properties of the fuel cell, using a different model would change the physical 
interpretation of the results.  For example, Figure 4.6 shows two models of a fuel cell, the 
proposed passive model and the standard model of an active fuel cell.  Circuit values for both 
models can be chosen, such that they are electrically identical from the circuit terminals. 
 
 
Figure 4.6 The Passive ECM a) and a Standard ECM of an Active Fuel Cell b) 
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In this case the value of Rc is the same as Rc’.  However, the physical interpretation of these two 
values is different.  The resistor Rc in Figure 4.6a represents the electrical resistance of the 
electrodes and contacts, whereas Rc’ in Figure 4.6b represent the ionic resistance of the 
membrane.   
 
A method to verify the circuit model, and physical attributes of the circuit components, is to 
change the physical state of the fuel cell, and measure the corresponding change the circuit 
parameter values.  For example, if the hydration level of the fuel cell were to increase, an 
increase in the capacitance of the fuel cell would be expected, as well as a decrease in the 
resistance associated with the ionic resistance.  This test, together with circuit model analysis is 
presented in Chapter 8.  
 
4.3.3 PREDICTED BEHAVIOUR OF A PASSIVE CELL USING THE 
NOVEL ECM 
The passive equivalent circuit model can be used for predicting the electrical response of a cell 
when subject to the testing technique.  Figure 4.7 shows the test circuit applied to a fuel cell 
represented by the passive ECM. 
 
 
 
Figure 4.7 Test circuit and ECM of a Passive Fuel Cell 
The test protocol consists of 5 steps as described in Section 4.2.  At each step, the voltage 
behaviour across the circuit model, Vmeasured is described.  It should be noted that Rc, which 
represents series electrical resistance, is assumed to be small and is thus neglected in this 
discussion. 
 
  RCharge 
RDischarge 
S2 
S1 
VCharge 
Cb 
Rb
RaCa
Rc
Passive Fuel Cell 
equivalent circuit modelTest Circuit 
VMeasured
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1.  S1, S2 open;  The initial charge on the capacitors is measured (if any).   
 
2.  S1 closed; capacitor Ca is charged by VCharge through resistor RCharge.  The voltage across Ca 
will therefore rise exponentially.  The rise in voltage will not be a simple exponential, as some 
charge will flow through Ra, and Cb will also be charged through RCharge + Rb.  
 
3.  S1 open;  The charge across Ca will dissipate through Ra, thus the voltage will decline 
exponentially.  The decay will not follow a simple exponential decline, as charge on Cb will also 
decline though Rb + Ra during this period. 
  
4.  S2 closed;  As RDischarge has a small resistive value, the charge held by Ca is rapidly dissipated.  
The charge on Cb will also decline but at a slower rate due to Rb.  Thus, the fuel cell voltage 
declines rapidly when S2 is closed.  
 
5.  S2 open; At this point, the charge on Ca has all but gone, but Cb will have retained some 
charge due to the increased resistance of Rb.  Therefore, charge will flow from Cb to Ca, thus 
increasing the voltage across the circuit terminals.  As Ra continues to dissipate charge, the 
voltage across the fuel cell will eventually fall back down in this last period. 
  
 
4.3.4 STACK BEHAVIOUR TO THE PSDB TEST 
Given the voltage behaviour of the cell during a passive test as described above, the behaviour of 
the fuel cell stack terminals can also be described.  Following the methodology by Kong et al 
[3], the behaviour of the stack can be predicted by examining the combined impedance of many 
cells.  Based on the passive ECM shown Figure 4.3, the impedance of a single passive fuel cell is 
given by equation 4.1.  Again, Rc has not been included.   
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Therefore, a stack of N identical cells, connected in series, has an impedance given by equation 
4.2 
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where aa NRR =' , bb NRR =' , aNa CC 1'= , bNb CC 1'=  
 
As the impedance of the stack has the same form as the impedance of a single cell, the stack 
voltage behaviour will have the same form as a single cell. 
 
4.4 LIMITS OF THE PASSIVE FUEL CELL TEST 
METHOD   
The passive test method cannot measure all factors influencing fuel cell performance.  For 
example, gas delivery to the anode and cathode as determined by the flow field plate and 
adjacent manifold, clearly influence performance when active.  A good cell, in terms of the 
physical structure, may still perform poorly due to a defect in the bipolar plate.  The operating 
conditions as determined by the balance of plant will also affect the performance.  A malfunction 
(such as an air pump not working) will clearly cause cells to perform poorly.  In essence, the 
PSDB test only assesses the cell, more specifically the MEA and inter-cell resistances.  This is a 
very important part of a complete fuel cell system, as it is the cell, or MEA itself that is most 
likely to degrade over time and ultimately determine stack life.  This is particularly true for a 
system designed for back-up power, where due to system simplicity, many other BOP 
components will not be present.  Finally, the PSDB test is intended to add to existing 
management strategies (such as periodic start-up testing), rather than acting as a substitute. 
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4.5 SUMMARY 
In this chapter, the passive state dynamic behaviour (PSDB) testing methodology has been 
presented.  The method is simple, allowing all cells in a fuel cell stack to be tested, thus making 
it appropriate for back-up power applications testing.  A novel equivalent circuit model of a 
passive fuel cell has also been proposed.  The passive ECM is based on the physical structure of 
a passive fuel cell, thus, determination of the ECM parameter values can be related to the 
physical state of the fuel cell, thus indicating functionality.   
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5 TEST EQUIPMENT AND 
ANALYSIS METHODS 
This chapter describes the automated test system developed for implementing and analyzing the 
results of the passive state dynamic behaviour (PSDB) test.  As the active performance of the 
PEM fuel cell stacks is also evaluated, this chapter details the active test systems and lists the 
specifications of each stack tested. 
 
Section 5.1 details the passive test system, with subsections describing the data acquisition 
equipment, test circuit and software.  Section 5.2 describes the three fuel cell stacks tested, along 
with the test systems used for evaluating their active performance.  Section 5.3 provides an 
example data set, and verifies the measured voltage response is purely due to the electrically 
properties of the fuel cell under test.   
 
5.1 PASSIVE TEST SYSTEM  
Figure 5.1 shows a schematic diagram of the experimental setup used for conducting the PSDB 
test.  
 
Hewlett Packard 34970A
Data Acquisition/Switch Unit 
HP 34308A 40-Channel 
Single Ended module 
HP 34907A 
Multifunction module 
Fuel cell
Test 
Circuit
PC running 
Matlab
RS232
HP 34901A 20-Channel 
Multiplexer module 
 
Figure 5.1 Test System Overview 
 
A Hewlett & Packard 34970A data acquisition/switch unit is the primary component for test 
implementation.  It controls the test circuit, hence the test process, and measures the fuel cell 
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response.  The HP meter is programmed through a PC, which also reads and stores the data from 
the meter.  The subsequent subsections describe HP unit, test circuit and PC software. 
 
5.1.1 DATA ACQUISITION EQUIPMENT 
The Hewlett Packard HP34970A data acquisition/switch unit is shown in Figure 5.2.   
 
 
Figure 5.2 The HP 34970A Data Acquistion/Switch Unit  
This multipurpose meter is used for measuring multiple voltages, with digital and analogue 
output used to control the test circuit.  The unit possesses an internal digital multimeter, (DMM), 
real time clock, data interfaces, and a front panel user interface and display.  The HP unit can 
accommodate up to three removable modules that slot into the back of the HP unit.  Figure 5.3 
shows one of the modules, the HP34901A 20-Channel Multiplexer. 
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Figure 5.3 Removable Module – the HP 34901A 20-Channel Multiplexer 
This module contains multiple relays, each of which connects to the internal DMM allowing 
isolated measurements to be made.  Each channel can be configured to measure DC/AC voltage, 
frequency, temperature or resistance.  Table 5.1 lists all of the removable modules used for this 
research, together with an overview of their capabilities and uses. 
 
Table 5.1 HP Modules Used for Testing 
Module type Description Use 
HP34901A 20-Channel 
Multiplexer 
Contains 20 isolated channels that connect 
to the DMM.  Also, 2 channels for direct 
current measurement up to 1A 
Voltage sensing of the cells, stack, 
applied test circuit voltage, current 
shunt, and resistance 
measurements  
HP 39407A 40-Channel 
Multiplexer 
Contains 40 single ended channels 
(common ground) that connect to the 
DMM 
Used when more than 20 voltage 
measurements were required 
HP 34907A Multifunction 
module 
Contains two analogue voltage outputs 
(+12 to –12, 8-bit resolution) and two 8-bit 
digital IO. 
Used for test circuit control; digital 
output used for switch control, and 
voltage output used as test circuit 
source  
  
Voltage readings were set at 5 ½ digits, i.e. if the voltage range is set to 100mV, the first digit is 
either 1 or 0 (the ½ digit) with five digits following, for example, 126.274mV or 053.674mV.  
The integration time for each measurement is 1PLC (power line cycle).  The impedance of the 
meter is 10MΩ, with some experiments repeated with the impedance set to >10GΩ, verifying the 
meter did not affect test results in any way.  The maximum scan rate of the meter is 19 channels 
a second.  Although the meter can be programmed using the front panel, it was controlled using a 
PC communicating via an RS232, which is further described in Section 5.1.3. 
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5.1.2 TEST CIRCUIT 
Figure 5.4 shows a schematic of the test circuit used for implementing the passive test protocol.    
 
 
Figure 5.4 Test Circuit Detail 
The relays, controlled with the HP 34907A multifunction module (digital 01, digital 02), allowed 
the testing process to be automated.  A Reid Controls Power Supply, (0-15V and 1.5A) provided 
a 8V source for energizing the relays.  The HP34907A multifunction module also supplied the 
voltage source (VCharge) for some passive testing, otherwise, a Solstat Regulated DC Supply 
Model 3S2PB was used.     
 
Variable resistors were used for RCharge and RDischarge, allowing the desired resistance values to be 
set for a particular passive test.  Once set, the resistance values were measured at the test circuit 
terminals using the 4-wire method (separate source and sense).  By closing just S2, RDischarge was 
measured, and by closing S1 with VCharge shorted, RCharge was measured.  This ensured any 
resistance from the relays, wires and connections was included in the RDischarge and RCharge values.       
 
A number of voltage measurements, along with a current measurement  is also shown in Figure 
5.4.  During a passive test, only V_VCharge and V_Terminals are recorded, which measure the test 
circuit voltage source (VCharge) and the voltage across the cell/stack.  V_RCharge and I_Test are 
redundant measurements, in that their values can be derived from the other values measured.  
However, V_RCharge and I_Test provided a useful check in the construction of the test circuit and 
preliminary passive testing conducted.  The two voltages, V_VCharge and V_Terminals are 
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measured directly using the HP34901A 20-Channel Multiplexer module.  If only one cell is 
tested, the scan list will only consist of these two voltage measurements.  For stack testing, each 
cell, as well as the stack terminals (V_Terminals) and the voltage source (V_VCharge) are 
measured.   
 
For each test, the HP meter must be programmed.  This includes the configuration of each 
channel i.e. for voltage, temperature etc.  The number of measurements (scans) and the time 
between each scan must also be defined.  Although this can be achieved using the front interface 
panel of the meter, a PC was used, and is described in detail below.     
 
5.1.3 SOFTWARE USED 
MATLAB version 6.5 (and above) has the ability to directly communicate with external devices 
using the Standard Commands for Programmable Instruments (SCPI) language.  Commands are 
sent to the HP meter as text strings, and data is read from the meter as text strings.  An overview 
of the program is shown in Figure 5.5.  A complete listing of the code is given in Appendix II.  
Two smaller programs are also listed in Appendix II; one is used for creating the HP meter as a 
Matlab object and for setting the communication parameters (such as baud rate, and COMM 
port).  The other small program is used for closing and clearing the device from the Matlab 
workspace. 
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Figure 5.5 Matlab Program for Test Implementation and Data Acquisition 
Once the programme is started, the meter is configured and scanning begins.  The scanning 
continues irrespective of additional commands sent to the HP meter, such as switch commands 
or data being read and erased from the meter.  Once all measurements have been taken, and all 
data has been recorded from the meter, the test data is arranged in a readable format and saved as 
a Matlab variable, (.mat).  Figure 5.6 shows the format of a data file with the initial time stamp, 
the channel number and elapse time recorded with each measurement.  Matlab is also used for 
analysing and graphing the results of all tests.  It should be noted that the initial time stamp was 
not always accurate (due to HP internal clock resetting on occasion), thus the time and date of 
testing can be taken from the file modification date.  
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Figure 5.6 Example of Test Data File 
All data from a single day of testing (or group of sequential days) is stored in a separate 
directory, together with an analysis file describing each results file, and the conditions of the test. 
 
5.2 FUEL CELL DESCRIPTIONS WITH PASSIVE AND 
ACTIVE TEST METHODS  
Three PEM fuel cell stacks were used in this research, and are described in the next 3 
subsections.  All of the fuel cells are prototypes and none are being manufactured today.  Only 
one manufacturer, ReliOn Inc. (previously Avista Laboratories, Inc) is continuing with fuel cell 
development.  Due to the proprietary nature of fuel cell development and manufacture, explicit 
fuel cell specifications were not available.  Along with a description of the fuel cell, the passive 
and active operation of each is described in the following three subsections. 
 
5.2.1 MERCORP STACK 
Figure 5.7 shows the PEM stack manufactured by Materials and Electrochemical Research 
(MER) Corporation, or MerCorp.   
Year/Month/Day Hours/Minutes/Seconds 
Data Value Elapse Time Channel Number 
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Figure 5.7 MerCorp Stack 
The stack consists of six cells in a typical bipolar arrangement.  The cells have an active area of 
31cm2, employ a Nafion based membrane, and the bipolar plates are made from machined 
graphite.  Two identical MerCorp Stacks were purchased at a cost of US$ 1500 each.  As one of 
the stacks did not function, it was disassembled and is shown in Figure 5.8. 
 
Figure 5.8 Disassembled MerCorp Stack showing Cell Components 
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The bipolar plates have a serpentine flow field pattern for gas distribution.  The air and hydrogen 
are in a counter flow arrangement, i.e. the hydrogen enters the cell near the point where the air 
exits, and the gases flow across the MEA in opposite directions.  The stack is completely 
symmetrical in design, in that the electrode composition and flow field pattern are identical for 
the anode and cathode [1].  Therefore, even though the stack has gas inlets specifically labelled 
“H2 In” and “Air In”, the hydrogen can enter the “Air In” port and visa versa, resulting in a 
reversal of stack polarity. 
 
The MerCorp stacks were in the developmental stage, and their performance was very limited.  
The stack shown in Figure 5.8 was taken apart because it never produced power.  When 
hydrogen was passed through this stack, one of the cells did not produce any voltage at all.  The 
cause of this may be due to the seal around the edge of the stack, which was found to protrude 
into the gas flow channels. 
   
For active and PSDB testing, each cell voltage was measured using metal pins clamped onto the 
side of each bipolar plate, which were wired to the HP meter.  This is shown schematically in 
Figure 5.9   
 
 
Figure 5.9 MerCorp Stack showing Cell Voltage Labels 
Fuel cell active testing required a number of other components, effectively the balance of plant, a 
schematic of which is shown in Figure 5.10.   
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Figure 5.10 Active Testing Setup for the MerCorp Stack  
Both the air and hydrogen exited via a water column of equal height, limiting any pressure drop 
across the membrane, thus reducing possible stress on the fuel cell.  All of the equipment shown 
in Figure 5.10 is detailed in Table 5.2.   
Table 5.2 MerCorp Active Testing Eqipment List 
Component Details 
Compressed Hydrogen Supply Zero Grade, 99.995%,  
Hydrogen Flow Meter GAP meter 0 – 2 l/min Hydrogen 
Air Flow meter GAP meter 0 – 5 l/min Air 
Digital Flow Meter Hastings mass flowmeter.  Model HFM-200, Serial 1259,  
Hastings Instruments, Power Supply Model 200 
Membrane Pump Silent Flow 9000 
Constant current load Described below 
 
The electronic flow meter outputs a voltage directly proportional to flow, and was calibrated 
using the GAP airflow meter.  A constant current load [2] shown in Figure 5.12, was used for all 
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active testing of the MerCorp fuel cell.  The current value was set by an input potential, achieved 
with a constant voltage source and a variable resistor. 
  
 
Figure 5.11 Constant Current Load Circuit for Active Testing of the MerCorp Stack  
 
Additional voltage channels were used for monitoring the digital flow meter output, with the 
current measured using a shunt resistor.  Figure 5.12 shows the complete equipment layout for 
the active operation of the MerCorp Fuel cell. 
 
Figure 5.12 Photo of the MerCorp Test Layout 
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As stated previously, neither fuel cell performed as designed, with one of the stacks not 
functional.  Through trial and error operation of the other fuel cell, maximum performance was 
found to occur using a large air flow rate.  The specific airflow rates are provided with the active 
tests results in Chapter 8.  
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5.2.2 ENABLE FUEL CELL 
A 12W (1A and 12V) Enable fuel cell stack is shown in Figure 5.13.  The stack consisted of 23 
series connected cells, each with an active area of 12cm2.  The stack is annular in design.  
Hydrogen enters the centre of the stack at each end, and diffuses across a gas diffusion layer 
(GDL) to the anode surface.  A thick GDL on the cathode allows oxygen from the surrounding 
air to naturally diffuse to the electrode surface.  Therefore, although the stack is configured in a 
typical series arrangement, bipolar plates are not required. 
 
 
Figure 5.13 Enable Fuel cell 
 
Adjacent cells are separated by a round metal plate, which is in electrical contact with the anode 
of one cell, and the GDL of the adjacent cell [3].  Small clips were attached to the metal 
separator plates, allowing individual cells to be tested and monitored.  
 
As the number of cells exceeded the number of inputs to the 20 channel card, the 40 channel card 
was used, with each cell measured to a common ground as shown in Figure 5.14.  In order to 
obtain the voltage of a single cell, the voltage reading of the previous cell (as measured to the 
common ground) was subtracted.  This introduced a slight measurement error, as all voltages are 
measured at slightly different times.  This error was usually insignificant, as the voltage across a 
single cell changes very little in the time between adjacent voltage measurements.  However, if 
 110
periods of rapid voltage change were being analyzed, the raw data was first interpolated using a 
2nd order polynomial, such that each voltage measurement in a single scan was defined at the 
same time.      
 
 
Figure 5.14 Enable HP Channel Connections for Conducting the Passive Test 
Figure 5.15 shows a schematic of the active test set up.  The balance of plant (BOP), designed 
and produced by Enable, is very simple.  It consists of a pressure regulator, flow divider, purge 
valve and solenoid valves, which alternate which end of the stack the hydrogen enters.  The 
alternating flow of hydrogen is designed to prevent inert gas areas building up within the stack.  
The cycle time was measured to be 120 seconds.  Thus, every 60 seconds, the hydrogen 
switches, and enters the stack from the other end.  The stack terminals are connected to the BOP 
through a control, which takes a small amount of stack power for solenoid valve operation.  As 
active stack performance was required without any interference, the Enable BOP is connected to 
an external power supply that acts as a “dummy stack”, providing power for solenoid valve 
operation.  A series of variable resistors is used as the load, allowing a VI curve to be obtained.  
As the current produced by the stack has a 1A max value, the current was measured directly with 
the HP unit. 
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Figure 5.15 Active Setup of the Enable Fuel Cell 
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5.2.3 AVISTA SR-12 FUEL CELL 
An Avista SR-12 PEM fuel cell system is shown in Figure 5.16.  A description of the system is 
provided, followed by a description of the passive and active testing setup. 
 
Figure 5.16 Avista SR 12 System showing 6 (of 12) catridges installed 
The Avista SR-12 system is designed to produce up to 500W (25V at 20A).  The specifications 
of the SR-12 system, as provided by Avista, are detailed in Table 5.3.  
Table 5.3 Avista SR-12 System Performance [4] 
System Parameter Value 
Power Output – Continuous 500W 
Output Voltage 25 – 39 dynamic (120 VAC Single Phase available with 
optional inverter)  
Fuel Source Hydrogen 
Fuel Consumption 7.0L/min @ 500W (<1.0L/min @ no load) 
System Start Time 7 minutes @ room temperature 
Turndown Ratio 500W to no load, infinite 
Operating Temperature Range 5ºC to 35ºC 
Dimensions (W x D x H) 0.56m x 0.615m x 0.345m 
Weight 44kg w/cartridges 
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The stack is composed of 48 series connected cells, which are grouped into 12 removable 
cartridges.  Figure 5.17 shows a picture of a cartridge, together with a schematic detailing the 
electrical configuration of the 4 cells contained. 
 
 
Figure 5.17 An Avista Cartridge (a) with an Electrical Schematic (b) 
Each cell has an active area of 50cm2, and uses a Nafion based membrane electrolyte [5].  A 
thick gas diffusion layer (GDL), made of a porous graphite plate, covers each electrode.  A metal 
grid is clamped onto the GDL, which serves as the current collector and cell electrical contacts.  
When the cartridge is fitted into the SR-12 system, hydrogen enters the cartridge at the bottom 
hydrogen port.  The hydrogen is effectively dead ended, with the top hydrogen port used for 
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b) 
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periodic purging, preventing the build-up of any gases such as nitrogen.  Air is blown into the 
middle of the cartridge, and flows across the cathode of each cell, before exiting at the top and 
bottom of the cartridge.   
 
The 12 cartridges form a stack of 48 series connected cells when inserted into the system.  Figure 
5.18 shows the details of the electrical connections.   
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Figure 5.18 Avista SR-12 System Configuration  
The Avista-SR12 has a number of unique design features, specifically designed for a back-up 
power application.  Compared to other PEM systems, the balance of plant is relatively simple 
and consists of:  
• a single convection fan for reactant air flow, which also provides cooling 
• hydrogen solenoid valves for each cartridge, and common plenum purge 
• lead acid batteries for system start-up 
• power electronics for battery charging from the fuel cell stack 
• controller, including hydrogen and temperature sensors, voltage monitoring on each cell 
and the stack, and stack current monitoring 
As the fuel cell stack is subdivided into 12 cartridges, only a single cartridge needs to be 
replaced if a cell fails.  In addition, the system electrical contacts shown in Figure 5.18, together 
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with hydrogen solenoid valves, allows a cartridge to be disconnected from the system in the 
event of poor performance, (i.e. if the voltage of any cell in a cartridge falls below 0.1V the 
system automatically shuts off the hydrogen and shunts current around the affected cartridge).  
The cartridges are also hot swappable, i.e. they can be replaced while the system continues to 
produce power. 
 
A communication port on the back of the Avista SR-12 system, allowed the internal monitoring 
system to be accessed and recorded during the active operation of the system.  An Avista Labs 
communication board links the fuel cell system to a PC.  A software program, DAQ – SR12 Fuel 
Cell Monitor, running on the PC, records the operating variables to a txt file.  Figure 5.19 shows 
the typical test setup, with Table 5.4 listing all variables recorded. 
 
Power supply
STANCOR 
Model STA – 4824AT 
in – 120VAC 60Hz 23W
out 24VDC 600mA
class 2 Transformer
    Avista Labs 
communication 
board 
Avista Fuel cell system 
Personal Laptop
YOKOGAWA WT1600 
Power analyzer HP electronic 
Load 6051A
H2 (7psig)
Cable 
“SCC to PC” 
Current (A)
Voltage (V) 
Cable 
“SCC to FC” 
H2 purge 
Compressed 
Hydrogen Supply  
Figure 5.19 Operational Setup of the Avista SR-12 system 
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Table 5.4 Variables Recorded by the DAQ – SR12 Fuel Cell Monitor 
Parameter Description 
Date Time Timestamp of the data 
MEA-1UL MEA (Membrane Electrode Assembly) Voltage, UL = Upper Left, LR lower 
right etc 
AMP Proc State The AMP Processor State.  On-line, Off-line, etc 
Lower Plenum H2 The lower plenum H2 sensor voltage.  This value correlates to the amount of 
Hydrogen concentration in PPM detected by the safety systems. 
Lower Plenum Temp The lower plenum temperature reading in degrees Celsius. 
CFRAME Proc State The CFRAME Processor State.  On-line, Off-line, etc 
Upper Plenum H2 The upper plenum H2 sensor voltage. This value correlates to the amount of 
Hydrogen concentration in PPM detected by the safety systems. 
E-Bay H2 The electronics bay H2 sensor voltage.  This value correlates to the amount of 
Hydrogen concentration in PPM detected by the safety systems. 
Fan Speed The system fan speed in RPM's. 
Current Load Amperage draw on the system.  This is inclusive of parasitic loads. 
Upper Plenum Temp The upper plenum temperature reading in degrees Celsius. 
E-Bay Temp The electronics bay temperature reading in degrees Celsius. 
ENV Proc State The Environmental Processor State.  On-line, Off-line, etc 
System Voltage The combined voltage of all MEA's in all Cartridges 
60V Supply The voltage on the 60v power supply 
12V Supply The status of the 12 volt power supply 
External Voltage The voltage on the external terminals 
Power Proc State The Power Processor State.  On-line, Off-line, etc 
Display Proc State The Display Processor State.  On-line, Off-line, etc 
Power Output Calculated Power Output in Watts 
 
Although many parameters are recorded, including the individual cell voltages, data quality was 
relatively poor.  The voltage on each cell was only recorded every 40s, and was measured with 
an 8-bit resolution over the range 0.000 – 0.999V.  Measurement of the open circuit potential and 
low current performance of the stack was not possible due to the power requirements of the 
auxiliary systems, i.e. the convection fan, and battery charging etc.  The power electronics in the 
SR-12 system, used for producing the correct voltage/current for the auxiliary systems, also 
interfered with the system/stack voltage, causing it to fluctuate (±1 – 2V).  Therefore, the SR-12 
system did not provide an adequate environment for assessing the active performance of the fuel 
cell. 
 
The PSDB testing of the Avista stack could not be conducted when the cartridges are installed in 
the SR-12 system.  As shown in Figure 5.18, a diode and FET are connected across each 
cartridge.  Clearly, these will interfere with the test protocol.  Therefore, all active and PSDB 
testing of the Avista fuel cell was conducted on cartridges that were removed from SR-12 
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system.  Figure 5.20 shows the experimental set up for testing the Avista cartridges without 
using the SR-12 system. 
 
 
Figure 5.20 Avista Cartridge Testing without the SR-12 System 
A stack of eight series connected cells is formed by electrically connecting two Avista cartridges.  
Designating a particular cell by its cartridge number, 1 or 2, and the cell position, upper left 
(UL), down right (DR) etc, the order in which the cells are connected is 
Positive terminal – 1UL – 1UR – 2UL – 2UR – 2DR – 2DL – 1DR – 1DL – Negative terminal 
Fan and air ducting 
Positive stack 
terminal 
Negative stack 
terminal
Hydrogen in 
Hydrogen out (purge)
Clips for 
connecting and 
measuring cell 
voltages  
Cartridge 1
Cartridge 2 
Negative stack terminal 
Cartridge 1 Cartridge 2
Positive stack terminal 
UL
DL
UR
DR
UL
DL
UR
DR
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Stack active and PSDB testing results presented in this thesis are also in this order.  Alligator clip 
were attached to each electrical terminal, allowing the voltage of each cell to be monitored.        
 
For active testing, Hydrogen is introduced to the top port of both cartridges, with the bottom 
hydrogen ports connected to a purge valve, thus dead-ending the hydrogen.  The Hydrogen is 
held at 5psig for all active testing.  A brushless DC San Ace fan, model 109R1224H102 operated 
at 25V, served as the air blower.  Air is ducted between the cartridges, and flows through each 
cartridge in the normal fashion (see Figure 5.17a).  A series of variable resistors is used as a load, 
allowing the VI performance of the fuel cell to be obtained.     
 
For PSDB testing, the hydrogen lines are disconnected, and the fan remains inactive.  The test 
circuit is attached to the stack terminals, which are located on cartridge 1 as shown in Figure 
5.20.  Figure 5.21 shows a compete schematic of the active and PSDB testing systems with a 
photo of the test setup shown in Figure 5.22 
 
 
Figure 5.21 Active and Passive testing setup of two Avista Cartridges  
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Figure 5.22 Equipment Layout of Avista Cartridge Testing, Active and Passive (the high-
pressure regulator, hydrogen supply and PC not shown)  
5.3 INTERFERENCE CHECKING 
As the HP meter is used to control the test circuit and record the voltage response of the cell, 
possible interference was checked by conducting a number of passive experiments.  A single cell 
of the MerCorp stack was subjected to three identical passive tests, i.e. switch times and test 
circuit values remained the same.  However, in each test the voltage monitoring, method of 
switching, and voltage source was altered, in order examine if these experimental changes 
caused a change in the fuel cell voltage response. 
 
The first test was conducted using the test system as described, i.e. the multifunctional module 
was used for relay switching and supplied the voltage output for the test circuit.  All three 
voltages were recorded (see Section 5.1.2) together with the test current using the HP internal 
current measurement.  The measurements were taken every 0.5 seconds.    
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In the second test, the multifunction module was removed from the HP unit.  An independent 
power supply (Solstat Regulated DC Supply, Model 3S2PB) was used for the test circuit voltage, 
with the test circuit relays being manually shorted at the appropriate times.  The cell voltage was 
recorded together with a disconnected channel.  Therefore, the cell was only connected to the 
DMM briefly to obtain a measurement.  Measurements were taken every 0.1 seconds. 
 
The last test was very similar the second.  However, just the cell was monitored, thus the DMM 
was permanently connected to the cell for the duration of the test, with measurements taken 
every 0.1 seconds.  The results of all three tests are shown in Figure 5.24. 
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Figure 5.23 Verification of the Test System, using cell #3 of the MerCorp Stack; Test Circuit 
Parameters VCharge = 95.0mV, RCharge = 106.5Ω, and RDischarge = 15.0Ω 
As can be seen from the results, there is very little difference between each test.  The slight 
discrepancies are attributed to slight differences in the switch timings.  In fact, the passive fuel 
cell response is robust to slight differences in the switch timing.  For instance, in the experiment 
conducted with 1Hz timing, the charge time was approximately 2 seconds off, but did not affect 
the resulting voltage transient in a noticeable fashion.  In summary, the results presented here can 
be confidently attributed the characteristics of the fuel cell only. 
 121
5.4 REFERENCES 
[1]  Hecht H, previously of MER Corporation, Tucson, AZ, Personal Communications, Sep. 
2003 
 
[2] Lyster M, Constant Current Load Development, Personal Communications, University of 
Canterbury, Oct 2003 
 
[3] Kenyon KH, Doeppers MM, Ibrahim SE, “Passive air breathing fuel cells” United States 
Patent 6,423,437, Jul. 2002 
 
[4]   Avista Laboratories, Inc. SR-12 Modular PEM Generator, Operator’s Manual, Spokane, 
WA, Jul. 2000  
 
[5]   Gerry Snow, ReliOn Product Manager, Personal Communications, Spokane, WA. Aug. 
2004  
 
 
 
 

 123
6 QUALITATIVE RESULTS AND 
ANALYSIS 
This chapter describes the transient voltage behaviour of a fuel cell when subjected to the passive 
test protocol.  Numerous passive tests were conducted on each fuel cell, and an example of the 
cell and stack response of each is provided.  This chapter focuses on the results of the passive 
test only, and does not discuss the circuit model or active performance of the fuel cells. 
 
Section 6.1 provides a detailed, qualitative description of the transient voltage response produced 
by a single cell.  Each distinct region of the voltage response is described in a physical sense.  
Typical single cell testing results from the MerCorp, Enable and Avista fuel cells are presented 
in Section 6.2.  Multiple cell (stack) testing is discussed in Section 6.3, with typical results from 
the three fuel cell stacks presented.  A conclusion is provided in Section 6.4. 
 
6.1 SINGLE CELL VOLTAGE RESPONSE  
Figure 6.1 shows a typical voltage response of a single cell when subjected to the passive test 
protocol.  The test was conducted on Avista cartridge #0588, cell DR (down right). 
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Figure 6.1 Single Cell Response to the Passive Test Protocol 
 
The test protocol creates five distinct regions, which have been labelled;   
1. Initial steady state: the cell is at open circuit (S1 & S2 open) 
2. Charge: the cell is connected to a supply (S1 closed) 
3. Natural Decay: the cell is at open circuit (S1 open) 
4. Discharge: the cell is connected to a resistor (S2 closed) 
5. Self-recharge: the cell is at open circuit (S2 open) 
 
Primarily, the fuel cell in a passive state acts as a capacitor.  The presence of electronic 
conduction is evident from the natural decay region, with additional non-ideal behaviour 
exhibited in the self-recharge region.  The cell voltage response was predicted in Section 4.4.2, 
using the equivalent circuit model.  The experimental voltage response shown in Figure 6.1 
corresponds well to the predicted behaviour.  A detailed description of the physical phenomena 
occurring in the cell during each region is now discussed in the following 5 subsections. 
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6.1.1 INITIAL STEADY STATE: 
At the beginning of a test, each cell to possessed a small “resting” potential.  Due to the voltage 
scale of Figure 6.1, the resting potential cannot be seen in the results presented.  Initially, it was 
thought the resting potential was caused by fuel cell operation days prior to the passive test  
However, the majority of cells tested possessed a negative resting potential with respect to their 
polarity when functioning.  Figure 6.2 shows the resting potential of 48 Avista Cells, 34 of which 
have a negative resting potential.  
 
 
 
Figure 6.2 Resting Potential of 12 Avista Cartridges (48 Cells) 
 
Figure 6.3 shows the resting potential of each cell in the Enable stack, measured 7 days after an 
active test.  In this case, every cell possessed a negative resting potential. 
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Figure 6.3 Resting Potential of the Enable Fuel Cell 
 
The resting potential was found to persist particularly for the Avista cells.  For example, when 
the polarity of a cell is forced to be positive, due to the PSDB test, the cell potential eventually 
returns to a negative value, and approaches the original potential. 
 
Slight differences in the surface chemistry of the electrodes, particularly surface functional 
groups, is a possible cause of the resting potential.  For example, Nakamura et al. [1], showed 
the resting potential of activated carbon increases with higher oxygen content, and acid 
functional groups.  The resting potential, although persistent, is small (< 1%) compared to the 
voltage involved in the test process.  As will be described in the following chapter, the resting 
potential is modelled by setting the initial voltage of the ECM capacitors to the measured resting 
potential. 
 
6.1.2 CHARGE 
In the charge phase, a voltage is applied across the cell in series with resistor RCharge as illustrated 
in Figure 6.4.  As the cell acts primarily as a capacitor, the cell potential rises in an exponential 
manner.  As with any capacitor, electronic charge will accumulate on the electrodes during this 
period.  In addition, charges will move inside the membrane, as the hydrogen ions will move 
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toward the negatively charged electrode.  The rise in the stack voltage is not a pure exponential 
function, as the fuel cell, (like a DLC) does not behave as an ideal capacitor. 
 
Figure 6.4 Charge Phase of the Test Protocol 
6.1.3 NATURAL DECAY  
During the decay phase, the voltage source is disconnected (S1 opened) and the cell remains at 
open circuit.  The potential of the cell clearly decays during this time.  There are two processes 
thought to be responsible for the observed decay; leakage current, and ion movement in the 
membrane. 
 
The leakage current of a DLC is well documented.  Due to the physical similarity between a fuel 
cell and a DLC, it is postulated that leakage current also occurs in the fuel cell.  As described in 
Section 3.3.1, the mechanism by which current leaks through a DLC has not been stated in the 
literature, thus a number of mechanisms are considered for the fuel cell.  Direct electronic 
conduction across the cell is most likely, occurring through a defect in the membrane electrode 
assembly (MEA) or through the surrounding cell assembly.  This is shown in Figure 6.5a.  
Alternatively, as oxygen is present at both electrodes, and dissolved in the water present in the 
membrane, electrochemical reactions could occur at the positive and negatively charged 
electrode, shown in equation 6.1, resulting in a net current flow across the cell.   
+− ++→ 2H2eOOH 2212  and  OH2H2eO 2221 →++ +−  6.1 
This reaction is shown schematically in Figure 6.5b, where the electrons are supplied/consumed 
by the negatively/positively charged electrode, rather than from an external circuit.  
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Figure 6.5 Leakage Current Caused by Electronic Conduction (a) and Electrochemical 
Reactions (b)  
Andreaus et al. [2], [3], have documented a similar reaction to that shown in Figure 6.5b.  
However, instead of oxygen being present at the electrodes, Hydrogen was present, and the cell 
was operated as a hydrogen pump using an applied potential.  If hydrogen was present at the 
electrodes of a cell undergoing a passive test, then it may provide another mechanism for the 
discharge of the cell during an open circuit phase.   
 
Although the reaction shown in equation 6.1 is theoretically possible, it is not thought to occur to 
a significant degree.  As described in Section 2.3.1 the oxygen reaction involves a large 
activation loss.  Considering the low potential across the cell, the activation loss would be a 
significant barrier to the reaction.  
  
Movement of hydrogen ions (H+) towards the negatively charged electrode would also result in a 
potential decay.  This process can be compared with phenomena known to occur in a DLC.  As 
described in Section 3.3.1, after a DLC is charged, the initial decrease in potential is attributed to 
continued ion movement, primarily at the electrode-electrolyte interface.  The transmission line 
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model of an electrode-electrolyte interface was considered in explaining the phenomenon, and 
the resulting decline in the potential.  A more detailed explanation of how ion movement affects 
the potential of the cell is provided in Section 6.1.5, where the Self Recharge region of the 
results is discussed.   
 
In summarising the decay region, two possible phenomena are considered; leakage current, and 
hydrogen ion movement in the membrane.  If not for the other testing regions, the voltage in 
Figure 6.1 appears to approach zero, therefore, the decay is primarily attributed to leakage 
current.   
6.1.4 DISCHARGE 
During the discharge period, S2 is closed, and the cell dissipates the accumulated charge through 
a resistor, RDischarge.  The resistance of RDischarge is small (~10Ω), thus, nearly all of the charge is 
removed from the electrodes during the discharge period of the test protocol.  The potential 
decays rapidly in an exponential manner during discharge, as expected with any capacitor.  
Together with electronic charge being removed from the electrodes, the hydrogen ions will move 
from the negatively charged electrode and take up a more homogenous position in the 
membrane, as shown in Figure 6.6.  
 
Figure 6.6 A Single Cell Undergoing the Discharge Phase of the PSDB Test Protocol 
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6.1.5 SELF RECHARGE 
After the RDischarge is disconnected from the cell, Figure 6.1 shows the potential rising then 
declining as in the natural decay region.  Clearly, charges are still moving during this period, 
giving rise to the self-recharge behaviour.  Continued movement of the hydrogen ions is thought 
to be the primary cause of the self-recharge behaviour.  At the end of the discharge region, most 
of the charge on the electrodes has been dissipated with the potential approaching zero.  
However, due to the relatively high ionic resistance of the membrane, the hydrogen ions will still 
be non-uniformly distributed within the membrane.  Therefore, at the end of the discharge step, 
the ions will continue to move away from the electrode that held a negative charge, as is shown 
in Figure 6.7. 
 
Figure 6.7 Ion Movement During the Self-Recharge Step 
Exactly how the movement of ions results in a measured potential decrease is explained based on 
the equivalent circuit model (ECM) for a passive fuel cell proposed in Section 4.3.  The model 
was constructed using one capacitor representing the charge held by the electrodes, and one 
capacitor representing the increased capacitance due to the dielectric property of the membrane.  
The membrane is considered to possess a variable dielectric value depending on the position of 
the hydrogen ions within it.  For instance, the closer the ions are to the negative electrode, 
assuming a fixed charged on the electrode, the higher the dielectric value.  Therefore, if a fixed 
charge remains on the electrodes, and the dielectric value of the membrane decreases due to 
hydrogen ion movement, the voltage across the cell will increase.   
 
Using a simple mathematical consideration of the fuel cell and its capacitive properties, the 
predicted voltage rise can be shown.  Equations 6.3 and 6.4 show the governing equations for an 
ideal parallel plate capacitor [4].   
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CVQ =  6.3
d
AC rεε0=
 
6.4
C = capacitance [F]  
V = voltage [V]  
Q = charge [C]  
A = surface area [m2]  
d = distance between the two plates/electrodes [m]  
ε0 = permittivity of the vacuum [C2/N·m2]  
εr = relative permittivity of the dielectric material   
 
Consider the cell at time t and t + Δt, both of which are during the self-recharge phase.  During 
the time interval, Δt, the ions continue to move away from the negatively charged electrode.  
Thus, in the time Δt, the relative permittivity of the membrane, εr, will decrease by a finite 
amount, say Δεr.  Therefore, assuming the same amount of electronic charge, Q, remains on the 
electrodes, the voltage across the cell at time t and time t + Δt is given by equations 6.5 and 6.6. 
( )
rA
QdtV εε 0=  6.5
( ) ( )rrA
QdttV εεε Δ−=Δ+ 0  6.6
 
Therefore, the change in voltage, in the time Δt is given by equation 6.7 
( ) ( )tVttVV −Δ+=Δ   
       ( ) rrr A
Qd
A
Qd
εεεεε 00 −Δ−=   
( )rrr
r
A
QdV εεεε
ε
Δ−
Δ=Δ
0
 6.7
 
Which is a voltage increase as expected.  After a maximum is reached, the voltage begins to 
decline, caused by leakage current through the cell as detailed in Section 6.1.3. 
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6.1.6 SUMMARY OF SINGLE CELL BEHAVIOUR 
By measuring the transient voltage response of the cell, features related to the cell physical 
structure are revealed such as the movement of ions and the capacitance of the cell.  In order to 
analyze the behaviour quantitatively, an analysis using the equivalent circuit model is provided 
in Chapter 8, with the method used to identify the circuit parameters described in Chapter 7.  
Although the discussion in the above Section is based on the results of one cell only, the same 
behaviour is exhibited by other cells tested, and shown in the following Section. 
 
6.2 SINGLE CELL TESTING OF MERCORP, ENABLE 
AND AVISTA CELLS 
The PSDB test was conducted on many individual cells from each fuel cell stack.  Figures 6.8, 
6.9 and 6.10, show typical results obtained from the Enable, MerCorp and Avista cells.     
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Figure 6.8 PSDB Test Results when Implemented on Single Cells in the Enable Stack; Test 
Circuit Values: VCharge = 108mV, RCharge = 98.4Ω and RDischarge = 5.6Ω 
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Figure 6.9 PSDB Test Results when Implemented on Single Cells in the MerCorp Stack; Test 
Circuit Values: VCharge = 101mV, RCharge = 100Ω and RDischarge = 6.1Ω 
 
0 100 200 300 400 500
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
Time (s)
C
el
l V
ol
ta
ge
 (V
)
 
 
Cell UL, Cartridge 0388
Cell UR, Cartridge 0388
Cell DR, Cartridge 0388
Cell DL, Cartridge 0388
 
Figure 6.10 PSDB Test Results when Implented on Single Avista Cells; Test Circuit Values: 
VCharge = 101mV, RCharge = 53.3Ω and RDischarge = 10.1Ω 
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Each voltage transient in Figures 6.8 – 6.10, exhibits the same basic behaviour, with the distinct 
charge, decay, and recharge behaviour being present.  For a given fuel cell stack, the voltage 
response of each cell is slightly different, despite being subjected to exactly the same test process 
because each cell possesses slightly different electrical properties.   
 
In order to test an entire stack, individual tests could be carried out on each cell.  However, this 
may be impractical in an application setting.  The time to test an entire stack may become 
significant, considering a single test takes around 300s, and a stack may contain 80 cells.  In 
addition, an isolated test signal is required for each cell, i.e. a set of test circuit terminals must be 
attached to each cell.  An ideal testing procedure for an application setting is one where all cells 
can be tested simultaneously.  The following section discusses how the PSDB test protocol is 
implemented on a stack, and the resulting voltage behaviour of the cells. 
 
6.3 STACK RESULTS TO THE PSDB TEST 
The PSDB test method can be used to test an entire stack, simply by attaching the test circuit 
across the stack terminals.  By monitoring the individual cell voltages, every cell in the stack is 
tested simultaneously.  Figure 6.11 shows the results of a typical stack test.   
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Figure 6.11 MerCorp PSDB Test Results Showing Individual Cell Behaviour; Test Circuit 
Values: VCharge = 116mV, RCharge = 99.8Ω and RDischarge = 4.7Ω 
The variations in electrical properties of each cell, together with the electrical interaction of the 
cells during the test, results in each cell producing a significantly different voltage transient.  The 
interconnected cells have a dynamic inter-relationship, which effectively results in each cell 
being subjected to a different charge/discharge pattern as reflected in the voltage responses.  The 
undershoot and overshot transients exhibited by some cells is a stack phenomena, rather than 
properties of individual cells.  Significant overshoot and undershoot as shown in figure 6.11 is a 
result of stack imbalance i.e. electrical properties of each cell are significantly different.  The 
stack voltage (the sum of all cells) is shown in Figure 6.12 for the same test. 
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Figure 6.12 MerCorp Stack PSDB Test Showing Stack Terminal Behaviour 
As predicted in Section 4.3.3, the stack voltage response has a similar pattern to a single cell, 
exhibiting the same charge, decay, discharge and self-recharge behaviour.  Figure 6.14 and 
Figure 6.15 show the cell and stack voltage behaviour of the Enable and Avista stacks.  For 
clarity, only 5 (of 23) cells are shown for the Enable results in Figure 6.13a. 
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a) b) 
Figure 6.13 Enable Stack PSDB Test Showing the Behaviour of Indiviudal Cells (a) and the 
Stack Terminal (b); Test Circuit Values: VCharge = 4.001V, RCharge = 98.4Ω and RDischarge = 5.5Ω 
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a) b) 
Figure 6.14 Avista Stack PSDB Test (2-cartridges) Showing Individual Cell Behaviour (a) and 
Stack Terminal Behaviour (b); Test Circuit Values: VCharge = 200.2mV, RCharge = 53.1Ω and 
RDischarge = 9.9Ω 
 
The Avista stack results shown in Figure 6.14b are particularly interesting, as a clear difference 
between cartridge 2165, and cartridge 0352 is observed.  One of the main differences is the rate 
of voltage decay immediately after the charge step.  For cells in cartridge 0352, the rate of 
voltage decay is much higher, indicating a higher leakage current than the cells in cartridge 2165.  
Many pairs of Avista cartridges were tested in this manner, with a clear difference between the 
cells in each cartridge.  A simple way of quantifying the different voltage responses is to 
measure the voltage decay rate at beginning of the decay region.  Figure 6.15 shows the decay 
rate for each cell in the 14 cartridges tested.  
 
 138
 
Figure 6.15 Voltage Decay Rate Measured at the Beginning of the Decay Region of the 
PSDB Test, Catridges Tested in Pairs; Test Cicuit Paramters: VCharge = 304mV, RCharge = 
52.6 Ω, and RDischarge = 10.1Ω  
The difference in voltage responses between the cells, as measured by the decay rate is most 
noticeable when the cells are from a cartridge having a serial number beginning with a zero, i.e. 
cartridges 0587, 0388, 0351 and 0391.  The cells of these cartridges most often possessed a 
steeper decay rate than the cells in other cartridges.  The cause of this difference is believed to 
originate from the age and physical composition differences in the cartridges.  The Avista 
cartridges constantly went through improvements as more were produced, thus cartridges having 
a high serial number, are newer, and more advanced than those with a low serial number [5]. 
 
As stated, the voltage transient of cell is governed not only by the electrical properties of the cell, 
but that of the fuel cell stack.  It is conceivable that the position of a cell within the stack may 
influence the voltage transients.  If this were the case, the comparative analysis conducted above 
would not be valid.  The following section experimental investigates the impact of cell order on 
the measured voltage response of a stack subjected to the PSDB test. 
 
6.3.1 INFLUENCE OF CELL CONFIGURATION 
The cells within an Avista cartridge are edge current collected, and are connected externally in 
order to form a stack.  This allows a stack to be formed with the cells in a number of different 
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configurations.  Figure 6.15 shows a schematic of two Avista cartridges, connected in two 
different configurations, a and b.  Configuration b is achieved by interchanging the positions of 
the cartridges, and rotating cartage 0578 by 180o compared with configuration a. 
03880587
UR UR
DRDR DLDL
ULUL
05780388
UR
UR
DR
DR
DL
DL UL
UL
+ + 
a) b)  
Figure 6.16 Two Avista configurations used 
 
The two configurations show in Figure 6.16 result in the cells having the following series 
connection order.   
 
a)  +  0587 UL – 0587 UR – 0388 UL – 0388 UR – 0388 DR – 0388 DL – 0587 DR – 0587 DL – 
Alternatively labelled +  1  –  2  –  3  –  4  –  5  –  6  –  7  –  8  – 
b)  + 0388 UL – 0388 UR – 0587 DR – 0587 DL – 0587 UL – 0587 UR – 0388 DR – 0388 DL – 
Alternatively labelled +  3  –  4  –  7  –  8  –  1  –  2  –  5  –  6  – 
   
Figure 6.17 shows the results of a PSDB test conducted on the stack in both configurations.    
 140
0 100 200 300 400 500
-0.01
0
0.01
0.02
0.03
0.04
0.05
Time (s)
C
el
l V
ol
ta
ge
s 
(V
)
 
Cell 1, UL 0587
Cell 2, UR 0587
Cell 3, UL 0388
Cell 4, UR 0388
Cell 5, DR 0388
Cell 6, DL 0388
Cell 7, DR 0587
Cell 8, DL 0587
0 100 200 300 400 500
-0.01
0
0.01
0.02
0.03
0.04
0.05
Time (s)
C
el
l V
ol
ta
ge
s 
(V
)
 
Cell 3, UL 0388
Cell 4, UR 0388
Cell 7, DR 0587
Cell 8, DL 0587
Cell 1, UL 0587
Cell 2, UR 0587
Cell 5, DR 0388
Cell 6, DL 0388
a) b) 
Figure 6.17 Avista Stack Test Results Using Different Series Connection Arrangements; Test 
Circuit Values; VCharge = 175mV, RCharge = 101Ω and RDischarge = 9.9Ω 
Clearly, from Figure 6.17, the cell order plays no part in the voltage response of each cell.  
Therefore, using features of individual cell results, such as the voltage gradient in the previous 
section, is a valid method for comparing cells, and potentially forming conclusions about their 
relative functionality.  In addition, the measured voltage transients are almost identical for each 
test, evidence of the repeatability of the PSDB test.  
   
6.4 CONCLUSION 
The fuel cell response to the PSDB test protocol has been qualitatively described in this chapter.  
The results of a single cell test have been described in detail, with reference given to the physical 
processes occurring in the cell.  The characteristic response was found to be the same for 
different cells within a stack, and for cells from different stacks.  When individual tests were 
conducted on many cells from the same stack, slight variations between the results were evident.  
These variations, together with cells interacting with one another, caused large variations in the 
cell voltage response when a stack is subjected to the passive test protocol.  The order in which 
the cells are connected to form a stack was shown to have no effect on the results of a stack test.  
In order to analyse the results quantitatively, the ECM proposed in Chapter 4 will be used.  
However, a method to determine the circuit parameter values is first required, and is the topic of 
the following chapter. 
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7 DETERMINATION OF 
CIRCUIT PARAMETER 
VALUES 
This chapter describes the technique developed for determining the circuit parameter values of 
the passive equivalent circuit model (ECM).  As described in Chapter 3, existing techniques can 
only be applied in the case of individual cell testing and analysis.  The technique described 
allows the circuit parameter values of many cells to be obtained from a single stack test. 
 
The method is described in Section 7.1, with Sections 7.2 and 7.3 detailing the software and 
programming.  Section 7.4 provides a verification of the results obtained, and includes a 
sensitivity analysis.  Section 7.5 discusses further aspects of the fitting technique, with Section 
7.6 examining optimization possibilities.  A summary is provided in Section 7.7. 
  
7.1 METHOD 
The method is described for the single cell case.  Determining ECM parameters of multiple cells 
is discussed in Section 7.2 and 7.3, where the details of the software and programming are 
provided.  Therefore, for a single cell, the ECM parameter values, Pi that need to be determined 
are shown below.   
[ ]babai CCRRP =  7.1
 
In addition, the voltage across both ECM capacitors, Ca and Cb, at the beginning of the test, t = t0 
is required.  
[ ]
ba CCCj
VVV =  7.2
 
 
The strategy used for determining the values is outlined in Figure 7.1. 
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Figure 7.1 Overview of the Fitting Method Used for Determining the Circuit Paramter 
Values of the ECM 
The circuit parameter values are determined by fitting the voltage response of the ECM, VS(tn), to 
the measured cell response, VE(tn), when subject to the passive state dynamic behaviour (PSDB) 
test.  Starting with an initial guess for Pi and VCj, an iterative fitting routine is employed where 
each circuit parameter is modified in sequence to improve the fit.  The fit is evaluated as the least 
squares difference between the voltage response of the ECM, VS(tn) and the experimental fuel 
cell response, VE(tn) as shown in equation 7.3.   
( ) 2
1
2)()( ⎭⎬
⎫
⎩⎨
⎧ −= ∑
n
nSnE tVtVσ
where time index 
500210 ....tn =
 
7.3
 
A solution for Pi and VCj is found when the error, σ is minimised subject to a tolerance on the 
circuit model parameters.  This tolerance is defined in equation 7.4  
i
tolPP ii
∀< ±σσ     and  
j
tolVV CjCj
∀< ±σσ  
7.4
 
Essentially, the error is minimised, hence a solution has been found, when a further change in 
any Pi or VCj by the tolerance value results in an increased error.  The tolerance value was 
typically set at 0.1%, thus a solution is found when a change in any of the circuit parameters of 
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±0.1% resulted in a larger error.  The iterative process used for finding the values such that 
equation 7.4 is satisfied, is explicitly described below.   
 
An initial guess for Pi and VCj is defined, with each individual value being modified in sequence.  
For instance, take P1.  A number of other values for P1 in the neighbourhood of the original 
value are generated by multiplying the original value by a neighbourhood vector, Nk as shown 
below.   
kk NPP 1,1 =  7.5
 
[ ]toltoltoltoltoltolNk 22 101101111101101 +++−−−=  7.6
 
The P1,k values generated included the original value (k = 4), the original value ± the tolerance 
(k= 3, 5) and 4 additional values, which differ from the original P1 by 10 and 100 times the 
tolerance value. 
 
For each P1,k, the error, σk between the voltage response of the ECM, VS(tn)k and experimental 
data VE(tn) is evaluated as shown in equation 7.7.  In practice, a slightly modified error value is 
calculated (described in Section 2.3.1.2), in order to reduce the propagation of errors present in 
experimental data.   
( ) 2
1
2)()( ⎥⎦
⎤⎢⎣
⎡ −= ∑
n
knSnEk tVtVσ
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The values of VCj and the other values of Pi are held constant for each VS(tn)k.  A new value of P1 
is assigned, using the P1,k value that resulted in the smallest error, σk.  The next Pi value is 
selected, P2, and the process is repeated.  A full iteration is completed when each Pi and VCj 
value has been reassigned.  This process is repeated until σk is the smallest when k = 4 for every 
Pi and VCj. Thus equation 7.4 is satisfied. 
 
The software program used for generating the voltage response of the ECM is described in 
Section 7.3, with Section 7.4 describing details of the iterative fitting technique.   
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7.2 SIMULATION MODEL 
The voltage response of the ECM to the applied test protocol, VS(tn) is generated using PLECS 
V1.0.9, (Plexim™ GmbH).  PLECS is a linear piece wise circuit simulation program that 
operates in the MATLAB Simulink environment.  PLECS contains a multitude of circuit 
elements, allowing the test circuit and the ECM of a fuel cell stack to be modelled as shown in 
Figure 7.2. 
 
 
Figure 7.2 Fuel Cell Stack ECM and Passive Test Circuit Simulated using MATLAB Simulink 
and PLECS  
Equivalent circuit model of a fuel cell stack, 
(only three of eight cells are shown) 
Test circuit and Fuel 
cell Stack 
Complete Simulink Model 
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All model parameter values and the test protocol conditions are defined in a separate script file 
(fitting_algorithm.m).  The simulation results are obtained by calling the model file 
(Fuel_Cell_ECM.mdl) from the script.  Effectively, the Simulink/PLECS model acts as a 
function; the inputs are the ECM  parameter values, and the outputs are cell voltage transients. 
 
7.3 ALGORITHM 
The iterative routine, as described in Section 7.1, is programmed in MATLAB using a single 
script file (fitting_algorithm.m).  The circuit parameter values, Pi and the capacitor 
voltage values, VCj are treated separately, due to the particular values of VS(tn) and VE(tn) used to 
evaluate the error, σ.  Therefore, the algorithm script file is composed of three main elements; 
initialization, circuit component loop and initial capacitor voltage loop.  An overview of the 
algorithm is shown in Figure 7.3a.  The following subsections detail the three main parts of the 
algorithm; Initialization, Circuit component loop and Initial capacitor voltage loop. 
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Figure 7.3 Overview of the Algorithm Used for Finding Circuit Parameter Values (a), and 
Details for Finding the Circuit Parameter Values (b) 
7.3.1 INITIALISATION 
During the initialisation step, data is loaded into the Matlab workspace, raw data is pre-processed 
and a number of fitting details, such as the tolerance values and neighbourhood vectors are 
defined.  All conditions of the PSDB test protocol must be known and defined, i.e. the switch 
times (T1 – T4), and the test circuit values (VCharge, RCharge and RDischarge).  If the ECM parameter 
values for many cells are to be determined from a stack test, the voltage transient produced from 
Select a circuit component in cell ECM 
Generate a set of values for the circuit 
component by multiplying the original a 
value with a neighborhood vector 
Evaluate the error between the 
simulated and test data using all 
except the steady state region 
Assign a new value for the circuit  
component based on the smallest error 
Stepped 
all components in the 
Yes 
No
Yes 
Yes 
No 
No 
Stepped
through all values  
circuit 
No 
Yes 
Simulink- PLECS 
Simulate the circuit using one 
of the values for 
circuit 
Stepped 
all cells 
Exit Criteria 
Select a cell within the stack model 
 Circuit component loop  
Circuit component loop 
Yes 
Results: 
All Pi and VCj 
Initial capacitor voltage loop 
No whole algorithm 
Generate circuit 
component values 
Compare simulated 
and experimental data 
Simulate circuit 
PLECS 
Generate initial
values 
Compare simulated 
and experimental 
Simulate circuit 
PLECS 
a) b)
Exit Criteria Met for 
cell ECM 
Initialization 
Required Information
• Test Circuit component values 
• Test protocol switch times 
• Initial values of Pi and VCj 
Pre-Process raw data 
 149
each cell is required.  Starting values (the first guess) of each circuit parameter must be defined 
including the initial voltage on each capacitor in the ECM.  Before the iteration routine begins, 
the raw data is pre-processed, and the least squares error evaluation is precisely defined.  The 
following two subsections described these two aspects detail. 
 
7.3.1.1 RAW DATA PRE-PROCESSING 
The least squares error between the simulated data, VS(tn), and experimental data, VE(tm), cannot 
be computed directly, as the voltage values for each data set are recoded at different times, i.e. 
time index tn ≠ tm.  All outputs from the Simulink model have a sampling rate fixed at 1 
sample/s.  Therefore, all voltage values from each cell are specified on the second, i.e. time 
index, tn = 1, 2, 3….  On the other hand, each experimental voltage measurement is recorded at a 
different time, as the digital multi meter contained in the data acquisitions switch unit can only 
measure the voltage on one channel (which is connected to one cell) at a time (see Figure 5.6).  
In order to compared the experimental and simulated data, and evaluate the least squares error, 
the experimental data set is modified such that all voltage values are defined on the second.   
 
Figure 7.4 shows the raw experimental data of two cells, shown as ×.  Clearly, each experimental 
data point occurs at a different time, as opposed to the simulated data (shown as  •) which occur 
on the second.  To obtain an experimental data set such that each voltage value is defined on the 
second, a 2nd order polynomial was used to interpolate the raw data voltage values.  The 
interpolated voltage values are also shown in Figure 7.4 as ○.  The least squares difference is 
then evaluated between the interpolated and the simulated data values. 
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Figure 7.4 Experimental Data of Two Cells (×) with PLECS Model Simulation (•) and 
Interpolated Data (○) 
 
The interpolation program is integrated into the fitting algorithm code, and is shown in Appendix 
II.  As shown in Figure 7.4, the interpolated data values fall between the experiment data values 
as expected.  However, this did not occur for each interpolated data value.  At points of 
discontinuity, i.e. at the switching times, interpolated values in one region may have been 
calculated using experimental values in another region.  Thus, when comparing simulated and 
interpolated data, only certain data values are used.  The following section describes which 
sections (data values) are used for comparing the simulated and interpolated data sets, and 
calculating the error value, σ.  
 
7.3.1.2 LEAST SQUARES ERROR CALCULATION DETAILS 
An even spread (in time) of data points cannot be used in calculating the error between the 
simulated and experimental (interpolated) data values.  As the voltage response of a PSDB test 
contains regions of rapid voltage change, these regions will be preferentially fitted as the large 
errors present will dominate the sum of squares.  Although the algorithm will converge, the 
solution may not adequately capture the cell response to the PSDB test.  Therefore, the data 
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points used for comparing the experimental and modelled data (comparison points) do not 
include areas of rapid voltage change.   
 
A simple vector, CP(tn) containing either ones or zeros, is used for including/excluding data 
points in the error calculation.  Equation 7.8 defines CP(tn) such that data values close to the 
switch times are excluded, (due to interpolation errors), and areas of rapid voltage change are 
also excluded.     
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where the switch times [ ]4321 TTTTTP =  7.8
 
Figure 7.5 shows the data values (comparison points) used for evaluating the error.  In the 
algorithm script file, the comparison points are defined as a series of time intervals, along with 
the number of points contained in each interval.  In the example shown in Figure 7.5, seven time 
intervals were defined, each containing 10 – 13 comparison points. 
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Figure 7.5 Data Values (Comparison Points) used for Computing the Error 
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The solution for Pi may result in the ECM response not capturing all of the measured fuel cell 
behaviour, due to large relative differences in the voltage transient behaviour at different times.  
For example, if the self-recharge region is very small in comparison to other regions, the 
essential form of the voltage transient may not be captured.  To rectify this, a weighting factor 
can be applied such that comparison points with lower absolute voltage values have a higher 
weighting factor attached.  The weighting factor is defined as a simple vector, and is shown 
below.   
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The combination of the weights and fitting areas results in a modified error equation shown 
below 
( ) 2
1
2)()()()( ⎥⎦
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Finally, when the circuit model parameters of a cell are being determined from the results of a 
stack test, the error is calculated using the simulated and experimental values of the cell in which 
the model parameter is being modified.  For example, if a component in cell #3 was being 
modified, the error used is given by equation 7.11.  
( ) 212,33,3 )()()()( ⎥⎦
⎤⎢⎣
⎡ −= ∑
n
knSnEnnk tVtVtCWtCPσ
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Clearly, the values of Pi and VCj determined will be effected by the CP(tn) and CW(tn) used.  
However, as CP(tn) and CW(tn) are the same for each cell, and the same for subsequent passive 
tests, the values of Pi and VCj, can still be used for comparing the properties of cells within a 
stack, and comparing the properties of cells at different times to detect changes in the state of the 
fuel cell. 
 
7.3.2 DETERMINATION OF CIRCUIT COMPONENT VALUES 
Once the initialisation process has been completed, the circuit component values, Pi are iterated 
through as described in the Section 7.2.  Figure 7.3b shows how the method is coded into the 
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algorithm, taking into account multiple cells from a stack test.  The process continues until the 
circuit parameter values found satisfy equation 7.4, thus a solution with minimum error has been 
achieved.  As the circuit component values and capacitor voltage values are determined 
separately, this part of the algorithm will exit if a predetermined number of iterations have been 
completed.  This ensures that a significant amount of time is not spent converging to a solution 
when the initial voltage values of the ECM model capacitors are significantly different to the 
initial voltage state of the fuel cell.  In calculating the error between the simulated and 
experimental voltage data, all regions of the voltage response are used, except the initial steady 
state region, i.e tn < T1.  This region is only used for calculating the initial voltage values of the 
capacitors, which is described in detail in the following sub-section.   
 
7.3.3 DETERMINATION OF THE INITIAL CAPACITOR VOLTAGE 
VALUES 
The initial voltage values of the ECM capacitors are determined in the same way as the circuit 
parameter values as described above.  However, the error between the experimental data and 
model simulation is evaluated using the steady state region only.  Again, the iterative loop will 
exit if a predetermined number of iterations is completed, or the minimum error condition has 
been satisfied.  Once the circuit parameter values, Pi, and the initial voltage values VCj, have been 
found subject to the error condition, the solution is saved and the program stops.  Otherwise, the 
circuit component parameters will be iterated through again.  
 
7.3.4 FEATURES OF THE METHOD AND IMPLEMENTATION 
The fitting method has all of the features for determining the circuit parameter values of an 
ECM.  The technique is not limited to the analysis of a single cell.  Instead, parameter values of 
many ECM’s (one for each cell) can be determined from the results of a single stack test.  The 
fitting technique can also be used irrespective of the exact test protocol implemented.  For 
example, if an additional charge/discharge sequence were included in the test process, this added 
sequence is simply added to the simulation.  In general, the fitting technique is designed for 
flexibility and robustness rather than speed, enabling the parameters of a stack containing any 
number of cells to be obtained irrespective of the exact testing process or ECM. 
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7.4 VERIFICATION AND SENSITIVITY ANALYSIS 
7.4.1 SENSITIVITY TO INITIAL GUESS 
Determination of circuit parameter values using the fitting technique is explicitly shown by 
examining the iteration process as applied to the analysis of a single cell.  Figure 7.6 shows the 
voltage response of a single cell (Avista cartridge 0508, cell DR) when subjected to the PSDB 
test.  This data set, together with the testing conditions, is loaded into the Matlab workspace 
during the initialisation step.  As described in Section 7.3.1, initial values (the first guess) of all 
circuit parameter values are required.  The algorithm generates new values in an iterative 
fashion, by minimising the error between the experimental and simulated voltage response.  The 
specific initial guess values chosen should not influence the final solution.  To verify this, the 
fitting technique was applied twice, designated “Run 1” and “Run 2”, each run using a different 
set of initial guess values.  Table 7.1 shows the initial guess values used for Run 1 and Run 2.   
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Figure 7.6 Single Cell Response to the Passive Test Method, with ECM Results Using Two 
Different Sets of Initial Guess Values; Test Circuit Values: VCharge = 100.6mV, RCharge = 53.3Ω, 
and RDischarge = 10.1Ω 
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Table 7.1 Initial Guess Values for the Fitting Method  
Circuit Parameter Values 
Cell 
Ra (Ω) Rb (Ω) Ca (F) Cb (F) 
Run 1 5 600 0.01 0.01 
Run 2 800 3 20 30 
 
Also shown in Figure 7.6, are the simulated results of the ECM, having circuit values shown in 
Table 7.1.  Clearly, the initial set of circuit values chosen for either Run 1 or Run 2, do not 
represent the cell behaviour.  Figure 7.7 shows how the circuit values change as the fitting 
technique proceeds.  The corresponding error is shown in Figure 7.8. 
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Figure 7.7 Circuit Values vs Iteration for Run 1 and Run 2 
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Figure 7.8 Error vs Iteration for Run 1 and Run 2 
The initial circuit values chosen clearly affect the number of iterations required before a solution 
is found.  In this case, Run 2 required 4 times as many iterations before converging on a solution.  
However, the final solution was the same in both cases and is shown in Table 7.2.  The resulting 
modelled response shown in Figure 7.9. 
 
Table 7.2 Final Values Obtained with the Fitting Method 
Circuit Parameter Values 
 
Ra (Ω) Rb (Ω) Ca (F) Cb (F) 
Run 1 (206 iterations required) 201.69 448.86 0.30907 0.10246 
Run 2 (804 iterations required) 201.87 450.32 0.30881 0.10228 
% difference 0.089 0.330 0.085 0.180 
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Figure 7.9 Experimental Data Shown with Fitted Results 
In conclusion, the ECM values found using the fitting technique are independent of the initial 
guess values chosen.  However, the number of iterations required before the solution converges 
is dependent on the initial guess values.     
 
In the example shown above, the solution obtained is assumed to be “correct”, in that the values 
obtained result in the best fit.  However, it is possible that the fitting technique converged to a 
local minimum.  The next section aims to verify the circuit parameters found using the fitting 
technique, are in fact the correct values, representing a global optimum. 
 
7.4.2 VERIFICATION OF GLOBAL OPTIMA: SINGLE CELL 
RESULTS 
To verify the circuit parameter values found are the global optima, the fitting technique was 
applied voltage transients generated by the PLECS model simulation, as opposed to real, 
experimental test data.  This allows the circuit parameter values determined with the fitting 
technique, to be verified against the circuit values used in the PLECS simulation.  Table 7.3 
shows the test protocol values, and model values used to create the data set.  The ECM voltage 
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response from the simulation is treated as the experimental data set, to which the fitting 
technique is applied.  Table 7.3 also shows the results of the fitting technique.  
   
Table 7.3 Simulated Data Set Values and Fitting Results 
Test Circuit Values RCharge = 53Ω RDischarge = 10Ω VCharge = 0.1V  
Switch times T1 = 50s T2 = 190s T3 = 220s T4 = 240s 
  
Simulated 
Data ECM values Ra = 150 (Ω) Rb = 200Ω Ca = 0.6F Cb = 0.15F 
      
 Ra (Ω) Rb (Ω) Ca (F) Cb (F) 
Starting Values 1 900 2 5 
Results  149.97 200.38 0.6005 0.14985 
Fitting method 
results 
% difference -0.0200 0.1900 0.0833 -0.1000 
 
 
Clearly, the fitting technique converged to a set of circuit parameter values that are the same as 
those used to create the simulated data set.  The small % difference is attributed to the minimum 
change made to the circuit values, i.e. either a reduction or increase of 0.1% (0.999 or 1.001 in 
the neighbourhood vector, Nk, used for generating alternative values). 
 
7.4.3 VERIFICATION OF GLOBAL OPTIMA: STACK RESULTS 
A very similar test can be applied to a set of stack data.  Table 7.4 shows the circuit values used 
to create a simulated set of data for a stack consisting of 8 series connected cells.  The starting 
values for the algorithm are also shown, together with the circuit parameter values determined.  
Again, the circuit parameter values determined with the fitting technique are very close to those 
used for creating the data set.  The % difference is slightly higher with stack testing, with a 
maximum difference of 1.3% found for competent Rb in cell number 8. 
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Table 7.4 Verification of Stack Test Data 
Circuit Parameter Values  
Cell 
Ra (Ω) Rb (Ω) Ca (F) Cb (F) 
1 240 400 0.42 0.23 
2 70 570 0.58 0.21 
3 300 180 0.42 0.19 
4 95 600 0.51 0.17 
5 160 500 0.59 0.28 
6 150 200 0.60 0.15 
7 210 190 0.32 0.22 
Equivalent Circuit Model 
Values Used for Producing 
Simulated Stack Data (Treated 
as an Experimental Data Set) 
8 30 520 0.38 0.18 
      
Fitting Method Starting Values 1–8 200 600 1 1 
      
1 239.22 398.39 0.42178 0.23061 
2 69.774 565.57 0.58246 0.21112 
3 299.07 179.1 0.42174 0.19055 
4 94.693 596.06 0.51214 0.17083 
5 159.47 498.22 0.59253 0.28052 
6 149.51 201.89 0.60409 0.14922 
7 209.34 188.96 0.32118 0.22093 
ECM Results 
8 29.899 513.25 0.3813 0.18185 
      
1 -0.326 -0.405 0.421 0.264 
2 -0.324 -0.783 0.422 0.530 
3 -0.312 -0.503 0.414 0.291 
4 -0.324 -0.660 0.417 0.487 
5 -0.335 -0.357 0.427 0.187 
6 -0.326 0.937 0.677 -0.521 
7 -0.314 -0.553 0.367 0.419 
% difference 
8 -0.337 -1.315 0.342 1.016 
 
7.4.4 SENSITIVITY TO MEASUREMENT ERROR 
In a real experimental test, there will be some measurement error in the test circuit values 
(RCharge, RDischarge, and VCharge), and timing of the test protocol (T1 – T4).  Therefore, the 
simulation of the testing protocol may not match exactly the testing conditions experienced by 
the passive fuel cell.  To examine the propagation of measurement error onto the circuit 
parameter values obtained, the fitting technique was applied to a simulated data set, but with 
errors introduced.  Table 7.5 shows the values used to create the simulated data, together with the 
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algorithm values and the results of the fitting process.  The difference between the simulated and 
algorithm values represents an overestimation in measurement error for a real experiment.        
 
Table 7.5 Algorithm Defined Values and Iteration Results 
Test Circuit 
Parameters RCharge = 53Ω RDischarge = 10Ω VCharge = 0.1 V 
 
Switch times T1 = 50s T2 = 190s T3 = 220s, T4 = 240s 
Simulated 
data values 
ECM values Ra = 150 Ω Rb = 200 Ω Ca = 0.6 F, Cb = 0.15 F 
      
Test Circuit 
Parameters RCharge = 53.2Ω RDischarge = 10.2Ω VCharge = 0.0998V 
 
Switch time T1 = 50.2s T2 = 189.8s T3 = 220.2s, T4 = 239.8s 
Algorithm 
Values 
Starting 
Values Ra = 1Ω Rb = 900Ω Ca = 2F, Cb = 5F 
      
ECM values Ra = 150.78Ω Rb = 207.08Ω Ca = 0.59151F Cb = 0.1469F Results 
% difference 0.5200 3.540 -1.4150 -2.0667 
 
Table 7.5 also shows that the resulting circuit parameter values differ to a larger degree when 
compared to the circuit values used to generate the data set.  This is particularly true for circuit 
component Rb, which is 3.5% larger.  This type of test, where the fitting algorithm was applied to 
a data set with error, was repeated a number of times.  In many cases, the values determined for 
Ra and Ca were very similar as those used to for the simulation data, with the largest difference in 
circuit component Rb.  Based on the 3.5% error, and considering a larger error is found when the 
fitting method is applied to a stack of cells (Section 7.4.3), a statistical uncertainty of ±5% is 
attributed to the circuit parameters determined using the fitting method.  This uncertainty could 
be reduced through further refinement/optimization of the fitting method, as discussed the 
following section. 
 
7.5 POTENTIAL AREAS FOR OPTIMIZATION  
The convergence time, and the exact solution found, depends on a number of algorithm 
parameters.  For example, the size of the neighbourhood vector, Nk will change how fast the 
algorithm converges, as will the number of voltage points used to compare the simulated and 
experimental results.  In addition, not all circuit parameters need to be found using the algorithm, 
as they can be found directly (or with minimal computation) from the passive fuel cell test 
results.  These aspects are discussed below.   
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A number of the circuit parameters may be calculated by direct inspection of the results.  The 
initial voltage across Ca equals the voltage measured at the start of the testing protocol, thus, this 
voltage value is not found with the fitting technique.  In theory, the value of Ca can be calculated 
using the voltage gradient at the beginning of the charge step.  Provided no significant charge is 
present on Ca at t = T1, current is assumed to flow through Ra into Ca only.  Using the measured 
value of dV/dt at the start of the charge step, and assuming that Rc << RCharge, Ca can be 
calculated using equation 7.12.  
1Tt
eargCh
eargCh
a
dt
dVR
V
C
=
=
 
7.12
 
Although this equation has been derived by considering a single cell, it can be applied to each 
individual cell in a series connected stack, provided dV/dt is obtained with negligible voltage 
across any cell, (i.e. every other Ca in the stack model acts as a short circuit in the initial charge 
period).  Finally, the value of Rc could, in theory, be calculated by measuring a sudden change in 
voltage at the beginning of the charge step.  The calculation is very similar to that described in 
Section 3.2.2, where the series resistance of a cell is calculated from a current interrupt test.  The 
problem with calculating Ca and Rc in this fashion is the high quality data required, specifically, 
a high sampling rate for each cell.  As the test method is designed for an application setting, such 
as back-up power, the testing and measurement equipment would be as simple as possible, thus 
high-resolution data would not be available.  As a result, the fitting technique would be used for 
determining the circuit parameters. 
 
The fitting technique determines the circuit parameter values of every cell from a single stack 
test.  However, the values of a single cell can be determined without having to acquire the circuit 
values of every other cell in the stack.  This may be useful if the stack contains many cells, in 
which case the fitting technique may take considerable time, but only one, or a few cells are of 
interest.  To find the circuit parameters of just one cell, a stack ECM composed of only two cells 
is used.  One cell in the ECM models the cell of interest, where as the other cell in the ECM 
model represents the net electrical properties of the other cells in the stack.  As shown in Section 
6.3, many cells added together behave as a single cell.  Therefore, the voltages of every other cell 
in the stack are added together, and can be treated as a single cell.  The fitting technique is 
applied, thus acquiring the circuit parameters of a single cell, and one other cell only, which 
represents the rest of the cells in the stack.  
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7.6 CONCLUSION 
This chapter has described a technique to determine the circuit model parameter values of every 
individual cell using the results of a stack test.  The results obtained were shown to be 
independent of the initial guess values.  The fitting technique was also applied to a set of 
simulated cell and stack data.  The circuit parameter values determined in both cases were in 
agreement with the values used to create the simulated data.  The fitting technique is flexible; it 
can be used irrespective of the exact testing protocol or ECM.   
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8 PEM FUEL CELL ANALYSIS 
USING THE PASSIVE STATE 
DYNAMIC BEHAVIOUR 
(PSDB) TEST PROTOCOL  
The objectives set out at the beginning of this thesis were to develop a testing procedure for a 
fuel cell in an application setting, back-up power for telecommunications.  Although the theory 
and practical aspects of the passive state dynamic behaviour (PSDB) test have been developed, 
the usefulness of the test method has not yet been demonstrated.  This chapter demonstrates how 
the PSDB test provides information on the active functionality of the fuel cell.   
 
Section 8.1 details a direct correlation between the voltage decay rate in the PSDB test results, 
and the active operation of a fuel cell.  Section 8.2 demonstrates how the circuit parameter 
values, obtained from a stack PSDB test, are used to predict a change in the functionality of 
certain cells within the stack.  A summary is provided in Section 8.3. 
 
8.1   PSDB TEST RESULTS AND ACTIVE 
FUNCTIONALITY CORRELATION 
The thesis of the PSDB test is that electrical properties measured while the fuel cell is in a 
passive state, provide information on the active functionality of the fuel cell.  This section 
directly compares stack behaviour in both passive and active mode.  Specifically, the voltage 
transients of the PSDB test results are compared with the active functionality of the fuel cell.  
This type of analysis is conducted on the MerCorp and the Avista stacks, and is detailed in the 
following two subsections.   
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8.1.1 MERCORP CORRELATION RESULTS 
Figure 8.1a shows the response of the MerCorp stack when subjected to the PSDB test.  
Immediately after the PSDB test, an active test was conducted in which the VI performance of 
the fuel cell stack was obtained.  This is shown in Figure 8.1b. 
0 200 400 600
-0.15
-0.10
-0.05
0.00
0.05
0.10
0.15
0.20
0.25
Time (s)
V
ol
ta
ge
 (V
)
a) 
0 0.2 0.4 0.6 0.8 1
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
Current (I)
V
ol
ta
ge
 (V
)
 
 
Cell 1
Cell 2
Cell 3
Cell 4
Cell 5
Cell 6
 
b) 
Figure 8.1 MerCorp Stack PSDB Test Result (a); Test Circuit Values VCharge = 806mV, RCharge= 
99.8Ω, RDischarge = 4.8Ω, (b) the Active VI Performance of the Stack 
The VI curve was obtained 100s after hydrogen was introduced into the cell.  This allowed the 
anode compartment to be purged of air, ensuring only hydrogen remained.  The stack remained 
in an open circuit state for this time.  The VI curve was obtained over a period of 190s, from 0-
0.993A, with each current value shown in Figure 8.1b held for approximately 15s.  The airflow 
varied between 2.06 and 2.08 l/min during the VI evaluation. 
 
To determine if there is a relationship between the PSDB test results and the active functionality 
of the cells, the PSDB test results were characterised by measuring certain aspects of the cell 
voltage transients.  These included; 
• The rate of voltage increase at the beginning of the charge region, t = T1 
• The maximum voltage reached by each cell during the charge region 
• The voltage decay rate at the beginning of the natural discharge region, t = T2 
• The step change in voltage when the stack was discharged, t = T3 
• The maximum voltage reached in the natural decay region 
 
Two of the properties, the voltage decay rate after T2 and the voltage step size at T3, were found 
to correlate with the active functionality of the fuel cell.  Table 8.1 lists these passive fuel cell 
T1 T2 T3 T4 
(A) 
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properties, along with the voltage performance of the cells when operating at a current of 
0.556A.  The active voltage is measured at this current value to maintain consistency with 
additional results presented in this section. 
 
Table 8.1 PSDB Test Properties Compared to the Active Functionality: Experiment One 
 Cell (in order of voltage 
performance) 
Cell voltage@ 0.556A 
(V) 
Gradient at T2   
(mV/s) 
Size of the voltage step at T3  
(mV ) 
2 0.744 -0.340 0.00716 
1 0.741 -0.717 0.00942 
6 0.556 -6.50 0.124 
3 0.516 -2.45 0.0445 
4 0.473 -5.62 0.109 
5 0.429 -7.80 0.133 
 
By inspection of the results in Table 8.1, a smaller decay rate is associated with a cell that 
functions with a higher voltage.  Also, a smaller voltage step in the passive test results, is 
associated with a cell having a higher voltage when active.  This is particularly true of cells #1 
and #2.  The voltage of these cells was significantly higher than the other four cells, and the 
corresponding voltage decay and voltage step were significantly smaller than the rest of the cells 
in the stack. 
 
A stack PSDB test, followed by an active VI evaluation of the stack, was conducted a number of 
times to confirm repeatability of the correlation.  Two additional experiments, consisting of the a 
PSDB test and an active test are discussed below, the first of which is shown in Figure 8.2.  
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b) 
Figure 8.2 MerCorp Stack PSDB Test Result (a), Test Circuit Values: VCharge = 97.0mV, 
RCharge= 99.8Ω, RDischarge = 4.8Ω, (b) the Active VI Performance of the Stack.  
 
In this particular active test of the stack, the current was limited to 0.55A, due to the poor 
performance of cell #3.  The VI curve was obtained after the stack had been functioning for 
some time.  Initially, the stack was kept in an open circuit condition for 126s from when 
hydrogen first entered the stack, ensuring only hydrogen is present in the anode compartment.  
The stack was then operated at a variety of currents for 36.9 minutes, before the VI curve was 
obtained.  During this time, the airflow was varied in order to obtain maximum performance.  An 
airflow of 0.57-0.59 l/min was used for the VI curve, which was measured over a period of 161s, 
from open circuit to a maximum current of 0.55A.  Table 8.2 lists the voltage performance and 
the passive test characteristics.  
 
Table 8.2 PSDB Test Properties Compared to the Active Functionality: Experiment Two 
Cell (in order of voltage 
performance) 
Voltage @ 0.550 A  
(V) 
Decay rate at T2   
(mV/s) 
Size of the voltage step at T3  
(mV ) 
2 0.624 -0.0508 1.11 
1 0.572 -0.0914 1.27 
6 0.386 -0.911 14.0 
4 0.364 -0.560 9.57 
5 0.307 -0.869 12.3 
3 0.0605 -0.623 10.7 
 
A) 
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A similar correlation between the passive and active tests is observed from Table 8.2, with cells 
performing well actively, possessing a small gradient and voltage step in the PSDB test. 
 
The correlation was found to persist even after the performance of certain cells was altered, due 
to a change in the active operating conditions of the stack.  As the flow field pattern on the 
bipolar plates and electrodes was identical, the stack could be operated with the hydrogen and air 
flows switched, resulting in a reversal of polarity.  Under this operational arrangement, the 
performance of cell number 2 was significantly reduced and the performance of cell number 3 
improved.  After a number of active tests in this arrangement, a PSDB test was conducted 
followed by an active test.  These results are shown in Figure 8.3. 
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b) 
Figure 8.3 MerCorp Stack PSDB Test Result (a); Test Circuit Values: VCharge = 109mV, 
RCharge= 99.8Ω, RDischarge = 4.8Ω, (b) the VI Performance of the Stack Obtained with the 
Air/Hydrogen Flows Switched 
For this active test, the stack was kept in an open circuit condition for 81 seconds from when 
hydrogen first entered the stack, ensuring only hydrogen is present in the anode compartment.  
The fuel cell was then operated at variety of currents for 389s, with the VI curve taken over a 
time of 157s, from open circuit to a current of 1.1A.  A constant airflow of 1.25l/min was used.  
A major difference in the performance of the stack is in the behaviour of cell #1.  In the previous 
active tests presented, cell #1 functioned with a relatively high voltage over the entire current 
range.  However, with the air and hydrogen flowing on opposite sides of the fuel cell, the 
performance of cell #1 is now the lowest, as evident from Figure 8.3.  Along with the decline in 
the cells performance, the voltage transient of cell #1 in the passive test also changes.  Table 8.3 
lists the voltage performance and the passive test properties measured. 
 
A) 
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Table 8.3 PSDB Test Properties Compared to the Active Functionality: Experiment Three 
Cell (in order of voltage 
performance) 
Voltage at 0.560 A 
(V) 
Voltage decay at T2  
(mV/s) 
Size of the voltage step at T3 
(mV) 
2 0.725 -0.105 6.28 
3 0.652 -0.174 8.58 
6 0.614 -0.223 13.3 
4 0.612 -0.217 11.7 
5 0.610 -0.225 12.5 
1 0.501 -0.336 17.8 
 
Cell #1, which now possesses the lowest voltage performance when active, has now the steepest 
gradient, and the largest voltage step when tested passively.  The correlation in this case, is 
clearly linear, as shown by Figure 8.4.  
 
Figure 8.4 Correlation between the Active and Passive Tests for the MerCorp Stack 
By scaling the results of the three Experiments such that all values lie in the range 1-0, the 
correlation results can be presented on the same graph as shown in Figure 8.5.   
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Figure 8.5 Correlation between Passive and Active testing for Experiment One (○), Experiment 
Two (+) and Experiment Three (•) 
In summary, a direct correlation between PSDB testing and active functionality of the MerCorp 
stack is observed.  The correlation is repeatable, despite differences in the active testing 
conditions resulting in changes in performance of the cells.  For instance, in the three 
experiments presented, the stack was actively operated for various lengths of time before the VI 
curve was obtained.  It should be noted that the active functionality of the stack was far below 
the excepted performance of a PEM stack.  The maximum current was around 1A, and with an 
active area of 36cm2, the current density of 27mA/cm2 is significantly below the 400-
700mA/cm2 typical of PEM fuel cell.  In general, the PSDB test predicts the relative 
performance of the cells.   
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8.1.2 AVISTA CORRELATION RESULTS 
PSDB testing, followed by active testing was implemented on each Avista cartridge, tested in 
pairs as described in Section 5.2.3.  The voltage decay rate was measured at the start of the decay 
region and compared with the active performance of the fuel cell.  A similar correlation between 
the passive and active tests was also observed, but only under particular conditions.  If there was 
a clear distinction between the voltage decay rates of the two cartridges, then a performance 
difference could also be observed in the active functioning of the cell at low current densities.  
Figure 8.6 shows the PSDB test results, followed by the VI assessment for two Avista stacks, 
each composed of eight cells (two cartridges). 
0 100 200 300 400 500
-0.03
-0.02
-0.01
0
0.01
0.02
0.03
0.04
0.05
0.06
Time (s)
C
el
l V
ol
ta
ge
s 
(V
)
 
Cell 1, UR 2600
Cell 2, UL 2600
Cell 3, UR 0391
Cell 4, UL 0391
Cell 5, DL 0391
Cell 6, DR 0391
Cell 7, DL 2600
Cell 8, DR 2600
 
0 0.1 0.2 0.3 0.4 0.5
0.70
0.75
0.80
0.85
0.90
Current (A)
C
el
l V
ol
ta
ge
s 
(V
)
 
Cell 1, UR 2600
Cell 2, UL 2600
Cell 3, UR 0391
Cell 4, UL 0391
Cell 5, DL 0391
Cell 6, DR 0391
Cell 7, DL 2600
Cell 8, DR 2600
 
a) b) 
0 100 200 300 400 500
-0.03
-0.02
-0.01
0
0.01
0.02
0.03
0.04
0.05
0.06
Time (s)
C
el
l V
ol
ta
ge
s 
(V
)
 
Cell 1, UR 0388
Cell 2, UL 0388
Cell 3, UR 2023
Cell 4, UL 2023
Cell 5, DL 2023
Cell 6, DR 2023
Cell 7, DL 0388
Cell 8, DR 0388
 
0 0.1 0.2 0.3 0.4 0.5
0.70
0.72
0.74
0.76
0.78
0.80
0.82
0.84
0.86
0.88
0.90
Current (A)
C
el
l V
ol
ta
ge
s 
(V
)
 
Cell 1, UR 0388
Cell 2, UL 0388
Cell 3, UR 2023
Cell 4, UL 2023
Cell 5, DL 2023
Cell 6, DR 2023
Cell 7, DL 0388
Cell 8, DR 0388
 
c) d) 
Figure 8.6 PSDB tests (a) and (c) Conducted on Pairs of Cartridges, Followed by Active Testing 
(b) and (d); Test Circuit Resistor Values are the same for both Passive Tests, RCharge = 52.7 and 
RDischarge = 10.2Ω, with VCharge = 308mV for (a) and VCharge = 260mV for (c)  
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For the active tests shown in Figure 8.6b and 8.6d, the stacks underwent a simple warm up 
procedure before obtaining the VI curves.  The warm up procedure consisted of first purging the 
anode compartment of air by flowing hydrogen through the stack for approximately 10s.  The 
stack was then operated at a current of 7-8A for 100s.  After being disconnected from the load, 
the stack remained at in an open circuit state for 100s.  The VI curve was recorded over a time 
period of 520s, the load being increased every 10s.  The resulting VI curve shown in Figure 8.6b 
and 8.6d is obtained by taking the V and I of each cell at the end of each 10s time period.  The 
voltage performance of each cell when operating at a low current is listed in Table 8.4 together 
with the measured voltage decay rate at the beginning of the natural decay region.   
 
Table 8.4 Correlation of Avista Cells 
  Test 1  
 
  Test 2  
Cartridge Cell 
Voltage decay 
rate          
(mV/s) 
Voltage @ 
0.0569A  
(V) 
 
Cartridge Cell 
Voltage 
decay rate 
(mV/s) 
Voltage @ 
0.0563A     
(V)  
UR -0.0732 0.821  UR -0.0867 0.806 
UL -0.0670 0.838  UL -0.0877 0.807 
DR -0.0752 0.814  DR -0.0868 0.800 
2600 
DL -0.0744 0.824  
2023 
DL -0.0946 0.807 
UR -0.243 0.771  UR -0.256 0.780 
UL -0.237 0.783  UL -0.243 0.774 
DR -0.244 0.769  DR -0.256 0.777 
0391 
DL -0.233 0.763  
0388 
DL -0.253 0.784 
 
Again, a cell exhibiting a low voltage decay rate will possess a higher voltage when active.  
However, this is only true at low current densities.  Figure 8.6 shows a clear difference in the 
active performance at low currents, but this difference becomes less clear at higher load current 
of the fuel cell.  The current density of the cell at 0.5A is 10mA/cm2. 
 
8.1.3 CORRELATION DISCUSSION 
A direct correlation between the results of the PSDB test and the active operation of the stack has 
been demonstrated.  Both the MerCorp stack and certain Avista Stacks exhibit a correlation 
between the rate of voltage decay during the PSDB test, and the operating voltage of the cells.   
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Direct conduction across the cell is a possible cause of the observed correlation.  A cell that 
possesses a larger conduction value would self-discharge more rapidly after a charge period.  
Thus, the decay rate would be higher as measured from a PSDB test.  When the same cell is 
tested actively, the current leaking through the cell coupled with the activation loss, leads to a 
lower voltage measurement at a particular current value.  Attributing the observed correlation to 
direct conduction across the cell, also explains why the correlation has only been observed at low 
current densities.  As the fuel cell current is increased, the leakage current becomes insignificant 
when compared to the ionic current flowing through the cell.  Thus, the voltage will be dictated 
by the other loss mechanisms present, instead of being dominated by the leakage current and 
activation loss.      
 
The correlation was not present on all the active and PSDB testing conducted.  As stated 
previously, a correlation could not be established on all Avista cartridges tested.  In addition, 
despite numerous testing on the Enable stack, a passive-active correlation could not be 
established.  Therefore, using the rate of voltage decay from a PSDB test result, cannot be used 
for indicating the relative performance of cells for every PEM fuel cell stack.  A direct inspection 
of the PSDB test results may still be useful in some cases.  For instance, a shorted cell would 
easily be detected by examining the result of a stack PSDB test.  The intended method of 
determining active fuel cell information from the results of a PSDB test is to use the passive 
ECM, which is described in detail in the following section. 
 
 
8.2 RELATING ECM PARAMETERS TO THE 
OPERATION OF THE STACK 
This section demonstrates how the PSDB test, including circuit model analysis, is used to predict 
the active performance of individual cells within the fuel cell stack.  In addition, this section 
verifies the physical aspects of a fuel cell attributed to the circuit parameters of the passive ECM.  
These two objectives are realised by altering the physical state of the fuel cell, and exploring the 
impact this has on the PSDB test results and the active performance.   
 
Membrane hydration is the specific physical property of the fuel cell that is altered.  As 
discussed previously, the hydration of the fuel cell is an important aspect in determining the 
active performance of the cells.  The remainder of this section explicitly details the experimental 
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method, results and analysis.  All experiments were conducted on an Avista fuel cell stack 
composed of cartridges 0587 and 0388. 
 
Initially, a PSDB test followed by an active test was conducted on the fuel cell stack.  The results 
of these tests will provide base line performance data, which will be compared with subsequent 
testing results.  Figure 8.7 shows the stack PSDB test results, with the circuit parameter values 
given the Table 8.5. 
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Figure 8.7 PSDB Test Response of Avista Cartridges 0587 0388, Solid Line Experimental, 
Dashed Line ECM; Test Circuit Values: VCharge = 322mV, RCharge = 52.6Ω and RDischarge = 10.1Ω 
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Table 8.5 Initial Circuit model Parameters 
Circuit Parameter Values 
Cell 
Ra (Ω) Rb (Ω) Ca (F) Cb (F) 
Cell 1, 0587 UR 781 411 0.512 0.141 
Cell 2, 0587 UL 92.4 445 0.452 0.128 
Cell 3, 0388 UR 115 433 0.510 0.127 
Cell 4, 0388 UL 87.7 417 0.492 0.133   
Cell 5, 0388 DL 164 513 0.513 0.113   
Cell 6, 0388 DR 133 468 0.496 0.119 
Cell 7, 0587 DL 206 427 0.471 0.126 
Cell 8, 0587 DR 74.1 370 0.490 0.143 
 
 
The circuit model parameter values are approximately the same for all cells.  Thus, the voltage 
performance of each cell is expected to be similar.  Figure 8.8 shows the VI performance of each 
cell in the Avista stack.  
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Figure 8.8 Initial Active Performance of an Avista Fuel Cell Stack  
Before the VI curve was obtained, the stack underwent a quick warm-up procedure.  This 
consisted of purging the hydrogen compartment of air for 10s, operating the stack at a current of 
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7A for approximately 70s, followed by an open circuit period of 90s.  The VI curve was obtained 
over period of 510s, with each VI point measured after the load was held constant for 10s.  The 
VI performance of the stack and the PSDB test results establishes baseline performance for 
comparison to subsequent testing. 
 
After the PSDB test and active testing, the hydrogen lines and load were disconnected.  The 
stack remained in this condition for two days, with no further testing over this period.  After two 
days, the passive stack test was repeated.  The results of are shown in Figure 8.9, with the circuit 
model parameter values given in Table 8.6 
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Figure 8.9 Results of the Stack PSDB Test Prior to the Humidification of Cartridge 0587, Solid 
Line Experimental, Dashed Line ECM; Test Circuit Values: VCharge = 303mV, RCharge = 52.6 Ω 
and RDischarge = 10.1 Ω  
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Table 8.6 Circuit Parameter Values Determined from Stack Passive Test Results 
Circuit Parameter Values 
Cell 
Ra (Ω) Rb (Ω) Ca (F) Cb (F) 
Cell 1, 0587 UR 548 387 0.507 0.162 
Cell 2, 0587 UL 85.0 397 0.444 0.123 
Cell 3, 0388 UR 103 368 0.510 0.127 
Cell 4, 0388 UL 77.5 357 0.491 0.126 
Cell 5, 0388 DL 144 445 0.511 0.122 
Cell 6, 0388 DR 118 406 0.492 0.123 
Cell 7, 0587 DL 184 374 0.463 0.138 
Cell 8, 0587 DR 66.5 326 0.481 0.136 
 
   
The results from the PSDB test shown in Figure 8.9 and Table 8.6 are similar to the PSDB test 
results shown previously.  Thus, if the fuel cell stack were actively tested, a similar VI 
performance of the cells would be expected.   
 
Before additional testing, active or passive, the membrane hydration of the cells in cartridge 
0587 was altered.  This was achieved by passing humidified air through the stack (2.4 l/m), 
entering at the hydrogen port by the upper cells.  This process was continued for approximately 
700s, with the temperature of the humidified air entering the cell at approximately 70oC.  
Immediately after this humidification procedure, the PSDB test was repeated using exactly the 
same test circuit values and switch times.  The results are presented in Figure 8.10. 
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Figure 8.10 Results of the Stack PSDB Test after the Humidification of Cartridge 0587, Solid 
Line Experimental, Dashed Line ECM; Test Circuit Values: VCharge = 303mV, RCharge = 52.6Ω 
and RDischarge = 10.1Ω  
Figure 8.10 shows each cell in the stack possesses a different voltage transient when compared to 
the passive test results obtained prior to the humidification of cartridge 0587, (shown in Figure 
8.9).  The increased hydration of the cells in cartridge 0587 has predictably altered the electrical 
properties of the cells.  Specifically, a membrane possessing a higher water content will have a 
lower ionic resistance.  In addition, the capacitance of the cell would also increase due to the 
increased mobility of the hydrogen ions.  The PSDB test method results clearly reveal the change 
of electrical properties of cartridge 0587. 
 
Upon close inspection of Figure 8.10, the voltage transients of the cells in cartridge 0388 have 
also changed, despite the cells not undergoing the humidification procedure.  The change in 
results is to be expected as the voltage transient of a particular cell is partially dictated by the 
electrical properties of the other cells in the stack.  Therefore, as the electrical properties of the 
cells in cartridge 0587 have been altered due to the humidification procedure, the voltage 
transients of all the cells in the stack will have changed. 
 
From inspection of the test results alone, it is not be possible to identify which cells have 
undergone a change in their physical state, and which cells have remained the same.  However, 
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by acquiring the circuit model parameters of each cell, the humidified cells should be easily 
identifiable.  The circuit parameter values obtained after the humidification of cartridge 0587 are 
shown in Table 8.7.  For comparison purposes, the circuit parameter values of the stack prior to 
the humidification procedure are reproduced in Table 8.7.   
Table 8.7 Circuit Parameter Values Before and After the Humidification of Cartridge 0587, 
Humidified Cells Shaded 
Before Humidification of cartridge 0587  After Humidification of cartridge 0587 
Cell 
Ra (Ω) Rb (Ω) Ca (F) Cb (F)  Ra (Ω) Rb (Ω) Ca (F) Cb (F) 
Cell 1, 0587 UR 548 387 0.507 0.162  357 253 0.770 0.315 
Cell 2, 0587 UL 85.0 397 0.444 0.123  86.1 281 0.619 0.202 
Cell 3, 0388 UR 103 368 0.510 0.127  103 364 0.534 0.138 
Cell 4, 0388 UL 77.5 357 0.491 0.126  77.7 351 0.513 0.141 
Cell 5, 0388 DL 144 445 0.511 0.122  143 437 0.529 0.127 
Cell 6, 0388 DR 118 406 0.492 0.123  118 398 0.512 0.132 
Cell 7, 0587 DL 184 374 0.463 0.138  161 261 0.725 0.232 
Cell 8, 0587 DR 66.5 326 0.481 0.136  86.5 225 0.744 0.238 
 
In general, the circuit parameter values of the cells in cartridge 0388 remained the same, while 
the values of the cells in cartridge 0587 changed.  In addition, the circuit model values have 
changed according to the physical properties attributed to them.  For instance, the ionic 
resistance of the membrane decreases with increasing humidity.  Table 8.7 shows the circuit 
parameter Rb for each cell in cartridge 0587 has decreased.  As the ions in a hydrated membrane 
have a higher mobility, the capacitance effect of the membrane also increases.  Table 8.7 shows 
that all values of Cb, attributed to capacitance effect of the membrane, have increased for the 
humidified cells.   
 
In the derivation of the passive equivalent circuit model, Section 4.3, the capacitor Ca was 
attributed to the capacitance effect of just the electrodes, i.e. the value is related to the real 
surface area and separation of the anode and cathode.  Therefore, the value of capacitor Ca is not 
expected to change significantly with an increase in membrane hydration.  Table 8.7 shows that 
the value of Ca did in fact increase significantly for the hydrated cells.  Clearly, the value of 
capacitor Ca is partially dictated by the ions present in the membrane.  As discussed in Section 
2.2.2, the ionic charge distribution near the surface of a charged electrode is somewhat 
complicated.  A plane of solvated ions exists near the surface of the electrode, defined as the 
outer Helmholtz layer, with a more random distribution of ions extending into the bulk 
electrolyte.  It is likely that the value of Ca includes the effects of the ions in the immediate 
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vicinity of the electrode, whereas Cb accounts for the ions more in the bulk of the electrolyte, 
which are subject to ionic resistance. 
 
The value of Ra, representing direct conduction across a cell, changed irregularly for the cells 
that were humidified.  Cells UR and DL decreased, while cells UL and DR increased in value.  
The change in Ra cannot be attributed to any error in the testing process, or subsequent 
determination of the circuit parameter values, as the values of Ra for cartridge 0388 are very 
similar for both tests, shown in Table 8.7.  Even though the cause of Ra changing is unknown, its 
value does not strongly indicate active fuel cell performance.  For example, taking the two 
extreme values of Ra 66.5Ω and 548Ω, at a voltage of 0.6V this accounts for a leakage current of 
9.0mA and 1.1mA respectively.  Both of these values are insignificant compared with the ionic 
current of up to 7A.  Only when the fuel cell is operating at a low current, would leakage current 
influence the operating voltage, as discussed in the previous section. 
 
The circuit model parameters most important in predicting a change in active performance of the 
stack are Ra, Ca and Cb.  Figure 8.11 shows the percentage change in these circuit model 
parameters. 
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Figure 8.11 The Change in Circuit Model Parameters Due to Humidification of Cartridge 0587 
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By examining the change in circuit model parameters, shown in Figure 8.11, the cells that 
underwent the humidification procedure are clearly identifiable.  Ideally, the circuit model values 
for the cells in cartridge 0388 should be the same for both tests, thus the percentage difference 
between the two tests should be zero.  Considering the ±5% uncertainty on each parameter value, 
as determined in Section 7.4.4, all of the circuit values for the cells in cartridge 0388 do in fact 
agree within uncertainties, except one.  Parameter Cb in cell 0388 UL is found to be significantly 
higher in the second test.  As the cell did not undergo any physical change in the time between 
the two passive tests, the different values obtained are attributed to errors in fitting method.   
 
The primary goal of the PSDB test method is to predict the active performance, or a change in 
active performance of each cell within a fuel cell stack.  Therefore, without being aware of the 
humidification procedure, the results of the passive test alone should provide information on the 
active functionality of the cells in comparison to the prior established baseline performance.  For 
the cells in cartridge 0587, the value of Ra has decreased, indicating a decrease in the ionic 
resistance.  Hence, the expected voltage performance of the cells in cartridge 0587 would be 
higher than the baseline performance.  A performance increase is also predicted by observing 
that the capacitance values for the cells in cartridge 0587 have also increased.  As all of the 
circuit parameter values for cartridge 0388 have not changed significantly, the performance of 
these cells is expected to be the same as the base line performance.  In summary, the 
performance of the cells in cartridge 0587 should improve, while the cells in cartridge 0388 
remain the same as determined from the PSDB test. 
 
In order to confirm the predictions made above, the active performance of the fuel cell stack was 
determined by obtaining the VI curve.  The warm-up procedure and method for obtaining the VI 
curve is the same as the previous active test conducted.  Figure 8.12 shows the resulting VI 
curves for each cell.  For comparison purposes, Figure 8.12 also shows the original, baseline 
performance.  For clarity the results have been separated, with the cells in cartridge 0388 shown 
in 8.12a, and those of cartridge 0587 shown in 8.12b. 
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Figure 8.12 The Active Performance of the Stack After the Humidification of Cartridge 0587 
(solid line) Shown in Comparison to the Base Line Performance (dashed line) 
 
As predicted, the performance of the humidified cartridge 0587 has clearly improved whilst the 
performance of cells in the cartridge 0388 remained the same.  In Figure 8.12b, the voltage 
performance of each humidified cell is higher at each current value tested, compared to the 
original baseline performance.  The cell in cartridge 0587 that underwent the smallest 
improvement in performance, although still significant, is Cell 2, 0587 UL.  By close inspection 
of Figure 8.11, the percentage change in each circuit parameter of cell 2 is actually the smallest 
when compared to the rest of the cells in cartridge 0587.  Figure 8.12 shows that Cell 8, 0587 LR 
under went the largest change in active performance.  Hence, the passive test results should show 
that this cell underwent the largest change in the values of the circuit parameters.  Figure 8.11 
shows that this is only the case for circuit parameter Ca, with circuit parameters Ra and Cb 
exhibiting a larger change for Cell 1, 0587 UR.  Considering the uncertainty in the circuit 
parameter values, ±5%, the specific change in a circuit model parameter, is not expected to 
predict the level of improvement observed in the active test.  In summary, the active 
functionality of each cell in cartridge 0578 has improved, as predicted using the PSDB test. 
 
The performance of each cell in cartridge 0388 has remained very similar for both active tests, 
with the exception of Cell 5, 0388 LL.  The voltage performance during the second test is clearly 
lower than the original, baseline performance.  A likely cause for the poorer than expected 
performance was airflow interference.  As the position of cell 5 lies directly on the bench top, 
obstructions, such as wires lying on the bench, occasionally drifted across the outlet of the 
cathode.  This would have obstructed the airflow, thus reducing the performance of the cell.  As 
discussed in Section 4.4, the passive test only indicates the performance of the cell, based on the 
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physical state of the electrode membrane assembly.  Cleary, other factors such as an airflow 
obstruction, can affect cell performance. 
 
8.2.1 EXPERIMENTAL SUMMARY  
The PSDB test, including circuit model analysis, has been used to successfully identify which 
cells in a stack have undergone a change in their physical state, specifically, hydration.  The 
circuit model values changed in a way that agreed with the physical properties attributed to them.  
For instance, Rb, which is associated with the ionic resistance decreased, while the capacitance 
values increased with an increase in the cells hydration.  This verifies the physical properties 
attributed to the cells, described when the passive circuit model was derived in Section 4.3.  The 
corresponding change in the active performance of the cells was predicted from the circuit model 
analysis, and confirmed by obtaining the VI curve of the fuel cell stack.  
 
8.3 CONCLUSIONS 
This chapter has demonstrated the effectiveness of the PSDB test method for indicating the 
active functionality of the fuel cell.  The results of the PSDB test method were related to the 
active functionality of the fuel cell in two ways.  A direct correlation was observed between the 
PSDB test results and the relative functionality of the active cells.  However, the correlation was 
only present if the active voltage of the fuel cell is measured at a low current value.  In addition, 
the correlation was not observed in all fuel cells tested.  Analysing the PSDB test results using 
the circuit model parameters provided much more insight into the fuel cell active operation.  
 
An important aspect of the circuit model analysis and subsequent performance prediction was the 
establishment of base line performance data.  A PSDB test, followed by an active test, enabled a 
set of circuit model parameters to be associated with a particular level of fuel cell functionality.  
Subsequent PSDB testing and ECM parameter evaluation is used for predicting performance 
changes of cells within the stack, in comparison to the base line performance data. 
 
With the establishment of base line performance data, the PSDB test method could add value to 
the monitoring and management strategy of a telecommunication based fuel cell system.  For 
example, environmental conditions may excessively dehydrate the cells over time.  This change 
in state of the fuel cell would be detected by the PSDB fuel cell test, as a change in the circuit 
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model parameters.  With this knowledge, corrective action could be taken.  This may include a 
slower warm-up procedure, providing the required battery capacity is present.  A process to 
humidify the stack could be undertaken, such as introducing a small amount of hydrogen into the 
cell, which would react on the electrode surface and produce water.  It is interesting to note that 
if the stack was simply started, as part of a periodic testing program, the cause of reduced 
performance would not be known.  Conducting a PSDB stack test provides further information 
for diagnosing the cause of a performance reduction.  Clearly, further development of the PSDB 
test could be conducted, such as examining whether particular contaminants can be detected.  
This is future work which is outlined in the final chapter. 
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9 CONCLUSIONS AND FUTURE 
WORK 
 
This chapter summarises the research presented in this thesis, and suggests further avenues of 
research.  Section 9.1 outlines the research motivation and hypothesis.  Section 9.2 states the 
findings of the literature and technology review.  The experimental method, modelling and 
analysis used in this thesis is explained in Section 9.3.  The achievements and novel aspects of 
this work are highlighted in Section 9.4, with a discussion on future work being presented in 
Section 9.5.  
 
9.1 RESEARCH MOTIVATION AND HYPOTHESIS  
The primary objective of this thesis was to develop a testing method for a Proton Exchange 
Membrane Fuel Cell in an application setting, specifically telecommunications backup power.  
As reliability is the most important feature for this application, the goal was to develop a testing 
method and subsequent analysis procedure that could provide information on the operational 
status of the fuel cell.  This capability would represent important progress in the 
commercialization of PEM fuel cells.  
 
This thesis proposes that a fuel cell can be tested, and can provide valuable information on the 
operational status while in a in a passive, non-functioning state.  The novel test method 
developed in this thesis has been named the passive state dynamic behaviour (PSDB) test.  The 
PSDB is based on electronically perturbing the fuel cell while in a passive state, and measuring 
the voltage response.  The fuel cell is claimed to act as an RC circuit, and by obtaining the 
parameter values of an equivalent circuit model, information about the active performance of the 
cells can be determined. 
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9.2 LITERATURE AND STATE OF THE ART REVIEW 
Testing method requirements were defined by reviewing PEM fuel cell technology, and 
considering the constraints of backup power systems.  A testing method that assesses the 
condition of individual cells was found to be a primary requirement, as the failure of a single cell 
will cause the entire fuel cell stack to fail.  Degradation and subsequent failure is most likely to 
occur in the membrane electrode assembly (MEA), so the MEA was the focus of a testing 
method.  Further requirements included test simplicity and system integration.  In addition, as 
hydrogen consumption reduces backup power run time, a test that minimises hydrogen 
consumption would be particularly advantageous. 
 
Existing fuel cell testing and modelling methods were reviewed, and the applicability to backup 
power based fuel cell systems was considered.  The main testing methods currently utilized are 
VI curve evaluation, Electrochemical Impedance Spectroscopy, and current interrupt/pulse 
techniques.  The primary focus of testing was found to be aimed at fundamental study of the fuel 
cell, such as isolating the magnitude of the individual loss mechanisms.  Almost all of the testing 
methods reviewed are performed on the fuel cell in an active state, and substantial electronic 
testing equipment is generally required.  
  
Review of literature showed an emphasis for active behaviour PEMFC Modelling.  Steady state 
modelling is most commonly achieved using a semi-empirical model, fitted to VI data of a 
functioning fuel cell.  To capture the dynamic properties of an active fuel cell, an equivalent 
circuit model is used.  Although a stack VI curve, (containing VI curves of each cell) can be used 
to determine individual cell properties by fitting the data to a model, testing and modelling 
dynamic behaviour using an ECM is restricted to single cell analysis using current techniques. 
 
The construction and operating characteristics of double layer capacitors (DLC), and DLC 
testing and modelling methods were reviewed.  A DLC was shown to be physically similar to a 
PEM fuel cell.  Certain testing and modelling techniques for DLCs and fuel cells are the same, 
such as electrochemical impedance spectroscopy and equivalent circuit modelling.  The testing 
and modelling of a DLC is primarily aimed at defining the electrical characteristics such as the 
capacitance (as a function of test frequency or applied voltage), and resistance (including leakage 
current through the cell).  
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In summary, fuel cell testing and modelling methods currently used are not particularly suited for 
an application setting such as telecommunications back up power.  Thus, the PSDB test and 
associated passive ECM were proposed and developed in this thesis.  
 
9.3 PSDB TEST DEVELOPMENT AND 
EXPERIMENTAL METHOD & ANALYSIS 
The PSDB test method is conducted while the fuel cell is in a non-functioning, passive state, 
with no hydrogen present in the cell.  The fuel cell is essentially charged and discharged during 
the test process using a simple test circuit consisting of a small DC voltage supply, two switches 
and two resistors.  The test protocol is implemented across the electrical terminals of a stack, and 
the voltage response of each cell is measured and recorded.     
 
The PSDB test results were analysed using an equivalent circuit model, derived by considering 
the physical properties of a PEM fuel cell in a passive state.  The circuit parameters of the ECM 
were attributed to fuel cell physical properties.  Hence, the circuit parameter values can be used 
to indicate the physical state of the fuel cell.  A method to determine the ECM parameter values 
was also developed.  An iterative numerical technique was used that enabling the ECM 
parameter values of numerous cells to be determined using the results of a single stack test.  The 
equivalent circuit model, and method for determining the ECM parameter values, provides the 
necessary tool for assessing the condition of a fuel cell stack. 
 
An experimental test system was developed, and the passive and active properties of three 
different fuel cells was evaluated.  A direct correlation between passive and active testing results 
was demonstrated.  Specifically, the rate of voltage decay after a charge period of the PSDB test, 
was found to correlate with the voltage performance of the cells when active.  The PSDB test 
and circuit model analysis was successfully used to identify which cells experienced a change in 
their hydration state.  Considering the physical properties attributed to the circuit model 
parameters, the values changed in a manner expected with an increase in hydration.  Using the 
measured change in the circuit model parameters, the active performance of the affected cells 
was successfully predicted to increase.  In summary, a PSDB test implemented across a fuel cell 
stack, together with a circuit model analysis of the results, has been used to successfully predict a 
change in the active performance of individual cells within the stack.  In summary, the 
experimental test system was successfully used to implement the PSDB test, with the measured 
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voltage response being used to determine the capacitive and resistive parameter values of the 
passive ECM, leading to a successful prediction of the active performance.     
   
 
9.4 ACCOMPLISHMENTS 
The main outcome of this research was the development of the PSDB test, a novel testing and 
analysis technique, designed for backup-power based PEM fuel cell systems.  There are a 
number of unique features of the PSDB test method and circuit model analysis that distinguishes 
it from the prior art.  Specifically, novel features are; 
• The test is carried out while the fuel cell is in a passive state 
• ECM of a Passive FC developed 
• Only a single test implemented on the entire stack is used to acquire the individual 
properties of each cell in the stack 
• A method of determining model parameter values for many individual cells from the 
results of a single stack test was developed 
• The test method is simple, and requires minimal equipment 
These features of the test method are particularly suited for backup power applications.  
 
The testing method originality, coupled with the usefulness of the test for backup power based 
fuel cell systems was further confirmed by the application, and successful examination of an 
international patent application (see Appendix I).  The patent was filed by Eaton Corporation, 
New Zealand, a global leader in DC backup power systems for telecommunications. 
 
9.5 FUTURE WORK 
The novelty of the PSDB test method opens many avenues for future research, not only in 
relation to application based testing, but also on a more fundamental level.  Future development 
and refinement of the PSDB test have been alluded to in the description of the method and 
results analysis.  These ideas are further explained, together with future work in the area of 
fundamental study.  
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Chapter 8 demonstrated how prior established baseline data, i.e. ECM parameter values and 
active performance data, was used in predicting the change in fuel cell performance.  
Specifically, the increased performance of certain cells was predicted from the change in circuit 
model parameter values due to a change in the hydration state.  This analysis could be extended, 
such that the magnitude of the observed change in ECM parameter values is related to a specific 
performance change.  This analysis could be quantified, such that a specific performance change 
could be predicted from the change in ECM parameter values.  A functional relationship between 
the ECM parameter values, hydration and active performance, could be established with a set of 
controlled experiments.  Other physical properties of the fuel cell could be altered, and the same 
comparative analysis could be conducted.  For instance, the fuel cell may be purposely poisoned 
with CO or Sulphur compounds, and the resulting change in circuit model parameters could be 
observed, together with the change in the stack functionality.  The way in which additional 
physical factors effect the circuit model values, and how this relates to the active performance of 
the stack, will clearly add to the value of the PSDB test. 
 
Variations of the passive testing process, and optimization of the fitting method are definite areas 
of future investigations.  Throughout this thesis, a consistent passive testing sequence was used, 
consisting of a charge, open circuit, discharge and open circuit.  Clearly, the particular protocol 
is not limited to this sequence only, and additional periods of interaction with the test circuit may 
be included.  A different testing sequence may aid in identifying ECM parameter values with 
greater accuracy.  This may be particularly true of circuit element Rc, representing electrical 
resistance between the cells, which is assumed to be very small (thus ignored) in the results 
presented.  The iterative fitting method used to determine the ECM parameter values could also 
be optimized.  Although Matlab Simulink provided a simple and flexible tool for acquiring the 
ECM model response, the software was computationally expensive.  A mathematical model 
could be directly computed and solved for a fuel cell stack and testing conditions imposed.  In 
summary, there is a wide scope of alternative passive testing sequences, and potential 
optimization of the fitting method. 
 
Interpretation of the passive test results was limited by the lack of fuel cell stack construction 
and material composition information.  For example, the observed difference between passive 
test results of various Avista cartridges was attributed to age differences.  Newer cartridges 
(identified by their higher serial numbers) are physically different, due to ongoing R & D to 
improve cell performance.  However, the specific physical differences between new and old 
cartridges were unknown due to proprietary considerations of manufacture.  Thus, the difference 
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in passive test results among various cartridges could not be attributed to any specific physical 
property of the fuel cell.  With detailed information on stack and cell construction, specific 
features of the passive test response may be attributed to physical aspects of the cell, providing 
greater insight to the passive test results. 
 
A potential area for future research is passive testing and equivalent circuit modelling of a PEM 
fuel cell, aimed at fundamental study, rather than an application driven approach.  For example, a 
number of individual cells that differ in a single physical property (such as catalysis loading) 
could be passively tested and analysed with the ECM. Implementing the passive test in this 
fashion may provide a means to directly link the circuit parameter values with cell properties.  
Thus far, the circuit model parameters, although indicative of cell condition, have not been 
quantitatively linked to physical properties of the fuel cell.  For example, even though resistor Rb 
is associated with the ionic resistance of the membrane, which decreased with humidification as 
expected, the value obtained is not a direct measure of the ionic resistance when the fuel cell is in 
operation.  Likewise, specific capacitance values cannot be linked to the real surface area of a 
cell.  Implementing the passive test method on a single cell, under controlled conditions, would 
allow the results of the passive test method and circuit model analysis, to be compared with cell 
properties measured using other testing techniques. 
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APPENDIX A: PUBLICATIONS, 
REVIEWS AND PATENTS  
 
A number of works have been published as result of the fuel cell research conducted. A full list 
of the published papers is provided below.  Two papers that detailed the research most 
comprehensively, are reproduced, together with the peer review assessments of these papers.  
Lastly, the front page of patent is reproduced, detailing the filing dates, classifications, etc. 
 
Journal Publications  
 
Shannon C Page, Adnan H. Anbuky, Susan P Krumdieck, Jack Brouwer,; “Test Method and 
Equivalent Circuit Modeling of a PEM Fuel Cell in a Passive State” IEEE Transactions on 
Energy Conversion, Vol. 22,  pp. 764–773, Sep. 2007 
Award: Runner up in the 2006 Department of Mechanical Engineering Best Paper Competition 
 
Krumdieck S, Page S, Round S, “Solid oxide fuel cell architecture and system design for secure 
power on an unstable grid”, Journal of Power Sources, Vol. 125, pp. 189-198, Jan. 2004 
 
 
Conference Publications 
 
S. C. Page, S. P. Krumdieck, A. Anbuky, “Testing Procedure for Passive Fuel Cell State of 
Health”, Australasian Universities Power Engineering Conference, University of Queensland, 
Brisbane, Australia, 26 – 29 September 2004 
Award: Student presentation Prize 
Award: Student Travel Prize (based on paper content) 
 
S. C. Page, S. P. Krumdieck, A. Anbuky; “Condition Assessment Monitoring (CAM) Test for 
PEM Back-up Power Systems” Fuel Cell Seminar (San Antonio, Texas November 2004)  
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S. C. Page, A. Anbuky S. P. Krumdieck, “Framework Model of a Proton Membrane Exchange 
Fuel Cell (PEMFC) System” Australasian Universities Power Engineering Conference, 
Christchurch, New Zealand, September 2003 
 
S. C. Page, A. Anbuky, S. P. Krumdieck Modular “Organization for PEMFC System Simulation 
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IEEE PEER REVIEW 
After submission of the first edition, a review was received that in which some changes to the 
paper were required.  After the changes were made, and subsequent letters sent to the editor and 
reviewers, the paper was accepted without any further changes required (with the exception of 
minor typos).  The letter written to the editor and reviews is reproduced below, in which the 
reviewer’s options on the first edition of the paper are detailed. 
 
 
Letter to the IEEE Editor 
 
Thank you for considering our paper for publication.  We have submitted a new draft of our 
paper that addresses the points raised by the reviewers. 
 
In general, this paper is part of a larger work that shows the potential of using the passive test 
method in manufacturing and applications.  We agree that this paper dose not directly address 
the application and particularly manufacturing issues.  Although we are working on these 
aspects, we agree they are out of the scope of this paper and have removed reference to them as 
suggested by reviewers 1 and 2.  Instead, the focus of the paper has been on the testing and 
modelling process, in the context of existing testing and modelling. 
 
Along with the required revisions indicated by the reviewers, we addressed the length of the 
paper and reduced some of the narrative, making it more concise. 
 
We look forward to your reply 
 
Kind regards 
Shannon, Adnan, Susan and Jack 
 
 
Letter to the IEEE Reviewers 
 
Dear Reviewers 
 
Thank-you for carefully reviewing our submitted paper.  We have considered the points raised, 
and have made corresponding changes to the paper.  Below, you will find answers to the specific 
 199
points raised by reviewers 1,2, and 4.  Following that, we have detailed the specific changes 
made to the paper, in order to make your review process easier.    
 
Reviewer 1 
General Comments and Changes: 
This is an interesting and well-written paper describing the development of an electrical 
circuit model for PEM fuel cell and fuel cell stack in passive (non-operative) state. It is 
true that because of the nature (structure) of fuel cells, it is expected that they have 
electrical properties in the passive mode. The paper develops an equivalent circuit for the 
PEMFC in the passive mode and uses the least squares error criterion to estimate its 
equivalent circuit parameters. The wide variation of circuit parameter values, especially 
in the case of stack test (Table II), however, raises question about the accuracy of the 
model parameter estimation, although the test results and the model responses match 
well.  Suggestions below could add to the value of the paper. 
 
1. In the abstract and introduction of the paper, the authors claim that testing of fuel cells 
in the passive state could be helpful in monitoring reliability and in quality control. 
However, this claim is not justified. The authors therefore need to revise the introduction 
of the paper and justify as to how the PEMFC equivalent circuit in the passive state 
could be useful in testing material properties and in manufacturing, etc. 
 
2. Related to the equivalent circuit models that predict the steady state and transient 
terminal characteristics of PEM fuel cells (the subject of Section III in the paper), and to 
the effect of ripple currents on fuel cell operating conditions, this reviewer offers the 
following references that the authors could refer to in their paper. 
  
[1] C. Wang, M.H. Nehrir, and S.R. Shaw, “Dynamic Models and Model Validation for 
PEM Fuel Cells Using Electrical Circuits,” IEEE Transactions on Energy Conversion, 
Vol. 20, No. 2, pp.442-451, June 2005. 
 
[2] R.S. Gemmen, “Analysis for the effect of inverter ripple current on fuel cell 
operating condition,” Transactions of the ASME - Journal of Fluids Engineering, Vol. 
125, No. 3, pp.576-585, May 2003.  
 
We have realized that the description of the test results could be represented more clearly.   
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Referring to the question about the wide variation of the cell parameter estimation values, we 
found that some cell parameter values for each cell are quite different.  However, these results 
were highly repeatable.   The MerCorp stack was an experimental stack and did not perform very 
well, and the operating performance of some of the cells was quite different.  To clear up the 
distinction, we have included some information about the individual cell performance and how it 
relates to different aspects of the passive test, and have included a reference to our previous work 
which details this.   
 
The issue raised in 1. was also raised by reviewer 2, and is addressed in the response to reviewer 
2 below.  Referring to the issue raised in 2, in general, many circuit models have been proposed 
for PEM fuel cells.  Some models not only represent the fuel cell but extend the circuit model to 
include other physical processes, like the circuit models in the papers you recommended.  This 
type of equivalent circuit modelling has now been included.   
 
Reviewer 2 
General Comments and Changes:  
This paper presents in details a test method and an equivalent circuit model for a PEM 
fuel cell in a passive state. The method is conventional to a double layer capacitor where 
no external reactants are involved, but it is novel to a fuel cell characterization only if the 
performance of the fuel cell in an active state can be predicted by these passive 
parameters. However, the authors actually did not offer any insights on how these 
parameters are related to the field performance of a fuel cell, nor did they explain how to 
improve manufacturing quality of a fuel cell using their model. Unless these issues are 
addressed, there is no significance in terms of both the method and the model provided 
in the paper.   
 
The paper focuses on the fundamental aspects of the test process and modelling. 
In general, this paper reflects a part of a larger work in which we are investigating the 
applications of the test.  However, as pointed out, this paper does not include the way in which 
the test can be used.  The review of test methods and equivalent circuit models, the description of 
the passive test, and the results of the test on an experimental PEMFC should provide a 
foundation for deploying the idea.     
• We have removed the references to application in manufacturing, rather than describe 
them in this more fundamental paper.  
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• We have provided additional information about the usefulness of the test in monitoring 
the functionality of a fuel cell by including some information linking the passive test 
results for each cell and the operating performance of these cells, and we have added a 
reference to our previous work which described this.   
 
Reviewer 3 
General Comments and Changes: This work should be published as documentation of a 
fine effort towards validation of equipment reliability. 
 
 
Reviewer 4 
General Comments and Changes: 
The modelling of fuel cells has become an important tool for electrical engineers. The 
paper describes an advance in the modelling and testing process together with analogous 
circuit components more familiar to the members of the PES. The length of the paper 
does indicate that either there should have been two papers addressing different aspects 
of the subject or that some of the narrative could be reduced. However, this reviewer 
appreciates that as Mozart said" too many notes? which ones should I take out?"  
 
The narrative has been carefully reviewed and several instances of repeated statements were 
removed.  The length of the paper has been reduced through further editing.   
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APPENDIX B: MATLAB CODE 
LISTINGS 
The following Appendix is divided into two sections.  The program code listings involved in 
testing the fuel cell are presented first.  The second section details the Matlab code for written for 
implementation of the fitting method, as described in Chapter 7. 
 
DATA AQUESTION CODE 
Numerous Matlab programs were written for testing the fuel cell, both in a passive state, and for 
recording the active operation.  Three of these programs are listed in this section.  The two 
smaller programs, open.m and close.m, are responsible for creating (and removing) the HP 
data/acquisition unit as an object in the Matlab workspace.  The other program listed is 
passive_test.m, which is used for implementing the passive testing method, and recording 
and saving the results of the test.  Additional programs written for fuel cell testing are simply 
variations of passive_test.m.  For example, the scan list is altered if a different number of 
cells were being tested, and in the case of active testing, the part of the program which send 
digital signals to the HP unit (for changing a switch position) is removed. 
 
open.m 
  global obj  
  obj = serial('COM1'); 
  set(obj,'BaudRate',57600,'Parity','none','FlowControl','hardware'); 
  fopen(obj); 
  
 
close.m 
 fclose(obj) 
 delete(obj) 
 clear obj 
  
  
passive_test.m 
 (shown in the following pages) 
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) 
% 
re
co
rd
s 
th
e 
st
ar
t 
ti
me
 a
nd
 w
ri
te
s 
in
to
 f
in
al
 r
es
ut
s 
mt
x 
Fi
na
lR
es
ul
ts
(1
,1
:6
)=
 L
oo
kA
tT
im
e;
 
  sa
ve
(s
av
ef
il
e,
'F
in
al
Re
su
lt
s'
,'
Re
su
lt
Mt
x'
);
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FITTING CODE 
The fitting code fitting_algorithm.m contains two separate programs.  One program, 
labelled ‘program_plot’, graphs the experimental data (raw and interpolated) against the 
ECM model response.  Marker points are also plotted, indicating the specific data values used for 
calculating the error.  The second program, labelled ‘program_fit’ implements the iterative 
fitting routine.  As circuit parameter values for many stack tests were required, the fitting code, 
fitting_algorithm.m, was designed to determine the circuit parameter values for many 
stack test.  The two programs ‘program_plot’, and ‘program_fit’ were contained 
within a simple loop, defined by the counter variable data_fit_run.  For each value of 
data_fit_run experimental data from a specific test is loaded, together with the passive test 
conditions.  Once the circuit parameters have been found and saved, a new data set was loaded, 
and the fitting technique repeated.  Therefore, once the fitting_algorithm.m the circuit 
parameter values for numerous stack tests are determined and saved. 
 
 214
wa
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g 
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ea
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in
g 
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f 
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:d
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o 
  %%
 i
ni
ti
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d 
of
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('
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_D
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_1
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t'
) 
  pr
og
ra
m 
= 
'p
ro
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_f
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';
 
Ci
cu
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= 
'M
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_8
_c
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_6
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';
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fi
le
_2
 =
 '
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l_
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t'
; 
  ye
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 =
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; 
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, 
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 p
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gr
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il
l 
pl
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e 
a 
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d 
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r 
da
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_f
it
_r
un
 =
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1:
3;
 
    
  
cu
rr
en
t_
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_f
it
_r
un
 =
 d
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a_
fi
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n;
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3 
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2 
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; 
  
  
nu
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= 
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; 
  
  
  
  
 %
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r 
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 p
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s 
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r 
se
ct
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n 
  
  
st
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s 
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; 
  
  
  
  
 %
 f
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 p
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g 
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x 
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s 
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 S
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mT
im
eS
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= 
1;
  
  
  
  
  
 %
 S
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Ti
me
Se
t 
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 t
he
 m
od
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 o
ut
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t 
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me
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l 
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= 
Si
mT
im
eS
et
; 
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 d
t 
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 t
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er
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im
e 
se
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 d
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fi
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 =
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 m
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 d
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 d
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.m
at
';
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TD
(1
,1
) 
TD
(1
,1
) 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
TD
(1
,4
) 
TD
(1
,4
) 
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 d
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 m
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 =
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0.
10
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 =
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 =
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 =
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.5
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Ch
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Vo
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ag
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 =
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ar
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Re
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 =
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r 
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 e
xi
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(s
av
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i.
e.
 i
t 
do
se
 n
ot
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wV
al
ue
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= 
in
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; 
  
  
  
  
  
  
ne
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va
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es
 =
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; 
le
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t_
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ro
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= 
[]
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le
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t 
er
ro
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is
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ot
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th
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go
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m 
at
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 m
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t 
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= 
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el
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lo
ad
(s
av
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 d
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d 
ca
rr
y 
on
 
  
  
  
  
en
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 d
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TD
(1
,1
) 
TD
(1
,1
) 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
TD
(1
,4
) 
TD
(1
,4
) 
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 =
 0
.3
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1;
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ar
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 =
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3;
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or
tR
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 =
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if
 e
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il
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 =
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i.
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do
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Ne
wV
al
ue
s 
= 
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it
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_g
ue
ss
; 
  
  
  
  
  
  
ne
wC
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lu
es
 =
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wC
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es
; 
le
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t_
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r 
= 
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; 
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t 
er
ro
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n 
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 t
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 m
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t 
  
  
  
  
  
  
it
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m 
= 
0;
 
  
  
  
  
el
se
 
  
  
  
  
  
  
lo
ad
(s
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ef
il
e)
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 d
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en
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d 
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Fi
nd
Wh
ic
hV
al
ue
s 
= 
[1
 2
 3
 4
];
  
% 
wh
ic
h 
ci
rc
ui
t 
vl
au
es
 a
re
 t
o 
be
 f
ou
nd
 b
y 
th
e 
Al
go
ri
th
m 
  
  
[F
in
dW
hi
ch
Va
lu
es
_r
ow
,F
in
dW
hi
ch
Va
lu
es
_c
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] 
= 
si
ze
(F
in
dW
hi
ch
Va
lu
es
);
 
  
  
[N
ew
Va
lu
es
_r
ow
,N
ew
Va
lu
es
_c
ol
] 
= 
si
ze
(N
ew
Va
lu
es
);
  
% 
BO
TH
 n
ee
de
d 
fo
r 
th
e 
al
go
ri
th
m 
    
  
St
ea
dy
Si
mT
im
e 
= 
V_
on
_t
im
e_
fi
rs
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- 
1;
  
% 
ju
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 f
or
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im
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at
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 f
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at
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);
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at
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 f
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ra
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 m
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 p
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ra
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at
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 l
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ra
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ra
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ra
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 m
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ro
gr
am
) 
    
  
  
  
 
  
  
  
  
%%
%%
%%
%%
%%
%%
% 
Th
e 
fo
ll
ow
in
g 
pr
og
ra
m 
ju
st
 p
lo
ts
 t
he
 e
xp
er
im
en
ta
l 
da
ta
 a
nd
 m
od
el
 %
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
 
  
  
  
  
  
  
  
  
ca
se
 {
'p
ro
gr
am
_p
lo
t'
} 
% 
fo
r 
tw
o 
ce
ll
s 
    
  
  
  
  
  
%%
% 
in
te
rp
ol
at
e 
pa
rt
 d
at
a 
ta
ke
n 
no
t 
to
 i
nc
lu
de
 t
im
e 
he
ad
er
 
  
  
  
  
  
  
ne
wd
at
a 
= 
[]
; 
  
  
  
  
  
  
[r
ow
,c
ol
] 
= 
si
ze
(T
D)
; 
  
  
  
  
  
  
en
d_
ti
me
 =
 F
ul
lS
im
Ti
me
; 
% 
fi
na
l 
ti
me
 f
or
 t
he
 i
nt
er
po
la
te
d 
da
ta
 
  
  
  
  
  
  
fo
r 
ce
ll
 =
 1
:1
:c
ol
/3
; 
% 
ho
w 
ma
ny
 c
ha
nn
el
s 
  
  
  
  
  
  
  
  
wr
it
e_
ro
w 
= 
0;
 %
 c
ou
nt
er
 f
or
 a
dd
in
g 
in
 d
at
a 
po
in
ts
 i
n 
th
e 
ne
w 
ma
tr
ix
 
  
  
  
  
  
  
  
  
fo
r 
ne
w_
ti
me
 =
 0
:d
t:
en
d_
ti
me
 %
 t
he
 n
ew
 i
nt
er
po
la
te
d 
ti
me
s 
  
  
  
  
  
  
  
  
  
  
wr
it
e_
ro
w 
= 
wr
it
e_
ro
w 
+ 
1;
 
  
  
  
  
  
  
  
  
  
  
%%
 f
in
d 
th
e 
cl
os
es
t 
da
ta
 p
oi
nt
 
  
  
  
  
  
  
  
  
  
  
te
mp
_t
im
e_
ve
ct
 =
 a
bs
(T
D(
:,
3*
ce
ll
 -
 1
) 
- 
ne
w_
ti
me
);
  
 %
 a
 v
ec
to
r 
wi
th
 t
he
 d
es
ir
ed
 t
im
e 
su
bt
ra
ct
ed
 
  
  
  
  
  
  
  
  
  
  
te
mp
_m
in
 =
 m
in
(t
em
p_
ti
me
_v
ec
t)
; 
 %
 f
in
ds
 t
he
 m
in
 v
al
ue
 (
of
 t
he
 a
bs
ol
ut
e 
ti
me
) 
  
  
  
  
  
  
  
  
  
  
po
sm
in
 =
 f
in
d(
 t
em
p_
mi
n 
==
 t
em
p_
ti
me
_v
ec
t)
; 
% 
fi
nd
 t
he
 p
os
it
io
n 
of
 i
t 
  
  
  
  
  
  
  
  
  
  
po
sm
in
 =
 p
os
mi
n(
1,
1)
; 
% 
in
ca
se
 t
he
re
 i
s 
mo
re
 t
ha
t 
on
e 
va
lu
es
 (
do
ub
tf
ul
) 
  
  
  
  
  
  
  
  
  
  
% 
no
w 
fi
nd
 v
ol
ta
ge
 a
nd
 t
im
e 
va
lu
es
 e
it
he
r 
si
de
, 
fo
r 
  
  
  
  
  
  
  
  
  
  
if
 p
os
mi
n 
==
 1
; 
% 
if
 t
he
 v
al
ue
s 
is
 t
he
 f
ir
st
 i
n 
th
e 
da
ta
 s
et
, 
ta
ke
 t
he
 n
ex
t 
2 
va
lu
es
 
  
  
  
  
  
  
  
  
  
  
  
  
ti
me
_v
ec
 =
 [
 T
D(
po
sm
in
,3
*c
el
l 
- 
1)
, 
  
TD
(p
os
mi
n 
+ 
1,
3*
ce
ll
 -
 1
),
  
TD
(p
os
mi
n 
+ 
2,
3*
ce
ll
 -
 1
)]
; 
  
  
  
  
  
  
  
  
  
  
  
  
V_
ve
c 
= 
  
 [
 T
D(
po
sm
in
,3
*c
el
l 
- 
2)
, 
  
TD
(p
os
mi
n 
+ 
1,
3*
ce
ll
 -
 2
),
  
TD
(p
os
mi
n 
+ 
2,
3*
ce
ll
 -
 2
)]
; 
 
 218
  
  
  
  
  
  
  
  
  
  
el
se
if
 p
os
mi
n 
==
 r
ow
; 
% 
if
 t
he
 v
al
ue
s 
is
 t
he
 l
as
t 
in
 t
he
 d
at
a 
se
t,
 t
ak
e 
pr
ev
io
us
 2
 v
al
ue
s 
  
  
  
  
  
  
  
  
  
  
  
  
ti
me
_v
ec
 =
 [
 T
D(
po
sm
in
 -
 2
,3
*c
el
l 
- 
1)
, 
  
  
  
TD
(p
os
mi
n 
- 
1,
3*
ce
ll
 -
 1
),
  
TD
(p
os
mi
n,
3*
ce
ll
 -
 1
)]
; 
  
  
  
  
  
  
  
  
  
  
  
  
V_
ve
c 
= 
  
 [
 T
D(
po
sm
in
 -
 2
,3
*c
el
l 
- 
2)
, 
  
  
  
TD
(p
os
mi
n 
- 
1,
3*
ce
ll
 -
 2
),
  
TD
(p
os
mi
n,
3*
ce
ll
 -
 2
)]
; 
  
  
  
  
  
  
  
  
  
  
el
se
  
% 
ot
he
rw
is
e,
 t
ak
e 
da
ta
 v
al
ue
s 
ei
th
er
 s
id
e 
of
 t
he
 p
oi
nt
 
  
  
  
  
  
  
  
  
  
  
  
  
ti
me
_v
ec
 =
 [
 T
D(
po
sm
in
 -
 1
,3
*c
el
l 
- 
1)
, 
  
TD
(p
os
mi
n,
3*
ce
ll
 -
 1
),
  
  
  
TD
(p
os
mi
n 
+ 
1,
3*
ce
ll
 -
 1
)]
; 
  
  
  
  
  
  
  
  
  
  
  
  
V_
ve
c 
= 
  
 [
 T
D(
po
sm
in
 -
 1
,3
*c
el
l 
- 
2)
, 
  
TD
(p
os
mi
n,
3*
ce
ll
 -
 2
),
  
  
  
TD
(p
os
mi
n 
+ 
1,
3*
ce
ll
 -
 2
)]
; 
  
  
  
  
  
  
  
  
  
  
en
d 
  
  
  
  
  
  
  
  
  
  
p_
co
f 
= 
po
ly
fi
t(
ti
me
_v
ec
,V
_v
ec
,2
);
 
  
  
  
  
  
  
  
  
  
  
ne
w_
V 
= 
p_
co
f(
1)
*(
ne
w_
ti
me
^2
) 
+ 
p_
co
f(
2)
*n
ew
_t
im
e 
+ 
p _
co
f(
3)
; 
  
  
  
  
  
  
  
  
  
  
% 
wr
it
e 
it
 i
nt
o 
th
e 
fi
na
l 
ma
tr
ix
 
  
  
  
  
  
  
  
  
  
  
ne
wd
at
a(
wr
it
e_
ro
w,
3*
ce
ll
 -
 2
) 
= 
ne
w_
V;
  
  
  
  
  
% 
ne
w 
Vo
lt
ag
e 
  
  
  
  
  
  
  
  
  
  
ne
wd
at
a(
wr
it
e_
ro
w,
3*
ce
ll
 -
 1
) 
= 
ne
w_
ti
me
; 
  
  
  
% 
ne
w 
ti
me
 
  
  
  
  
  
  
  
  
  
  
ne
wd
at
a(
wr
it
e _
ro
w,
3*
ce
ll
) 
  
  
= 
TD
(2
,3
*c
el
l)
; 
% 
ch
an
ne
l 
nu
mb
er
 
  
  
  
  
  
  
  
  
en
d 
 %
 n
ew
_t
im
e 
= 
0:
1:
en
d_
ti
me
 %
 t
he
 n
ew
 i
nt
er
po
la
te
d 
ti
me
s 
  
  
  
  
  
  
en
d 
% 
ce
ll
 =
 1
:1
:3
; 
% 
ho
w 
ma
ny
 c
ha
nn
el
s 
  
  
  
  
  
  
o_
TD
 =
 T
D;
  
% 
o_
TD
 s
ta
nd
s 
fo
r 
ol
d 
te
st
 d
at
a 
  
  
  
  
  
  
TD
 =
 n
ew
da
ta
; 
 %
 T
D 
is
 n
ow
 t
he
 i
nt
er
po
la
te
d 
te
st
 d
at
a 
 
  
  
  
  
  
  
 %
%%
 c
re
at
e 
co
mp
ar
is
on
 v
ec
to
rs
  
 %
%%
%%
%%
% 
  
  
  
  
  
  
[r
ow
,c
ol
] 
= 
si
ze
(T
D)
; 
 %
 r
ed
ef
in
es
 r
ow
 a
nd
 c
ol
 n
ow
 t
ha
t 
TD
 i
s 
in
te
rp
ol
at
ed
 d
at
a 
  
  
  
  
  
  
co
mp
_v
ec
 =
 z
er
os
(r
ow
,1
);
 %
% 
co
mp
_v
ec
 c
on
si
st
s 
of
 o
ne
s 
an
d 
ze
ro
s,
 
  
  
  
  
  
  
co
mp
_w
ei
gh
ts
 =
 z
er
os
(r
ow
,1
);
 %
% 
co
mp
_w
ei
gh
ts
 i
s 
si
mi
la
r 
bu
t 
co
ns
is
ts
 o
f 
th
e 
we
ig
ht
s 
  
  
  
  
  
  
fo
r 
co
un
t_
po
in
ts
 =
 1
:1
:c
ol
_c
om
p/
2 
  
  
  
  
  
  
  
  
st
ar
t_
ti
me
 =
 C
om
pT
im
es
(2
*c
ou
nt
_p
oi
nt
s-
1)
; 
  
  
  
  
  
  
  
  
en
d_
ti
me
 =
 C
om
pT
im
es
(2
*c
ou
nt
_p
oi
nt
s)
; 
  
  
  
  
  
  
  
  
st
ep
_t
im
e 
= 
ro
un
d(
(e
nd
_t
im
e 
- 
st
ar
t_
ti
me
)/
nu
m_
te
st
_p
oi
nt
s)
; 
  
  
  
  
  
  
  
  
fo
r 
go
od
Co
un
t 
= 
st
ar
t_
ti
me
:s
te
p_
ti
me
:e
nd
_t
im
e 
  
  
  
  
  
  
  
  
  
  
co
mp
_v
ec
(g
oo
dC
ou
nt
,1
) 
= 
1;
 
  
  
  
  
  
  
  
  
  
  
co
mp
_w
ei
gh
ts
(g
oo
dC
ou
nt
,1
) 
= 
we
ig
ht
(c
ou
nt
_p
oi
nt
s)
; 
  
  
  
  
  
  
  
  
en
d 
  
  
  
  
  
  
en
d 
 %
%%
 e
nd
 c
re
at
e 
co
mp
ar
is
on
 v
ec
to
rs
 %
%%
%%
%%
% 
  
  
  
  
  
  
%%
%%
%%
 e
nd
 i
nt
er
po
la
te
  
%%
 n
ow
 s
ta
nd
ar
d 
fi
tt
in
g 
te
st
 
  
  
  
  
  
  
Si
mT
im
e 
= 
Fu
ll
Si
mT
im
e;
 
  
  
  
  
  
  
Ca
1i
ni
 =
 n
ew
Cv
al
ue
s(
1,
1)
; 
  
  
Cb
1i
ni
 =
 n
ew
Cv
al
ue
s(
1,
2)
; 
  
  
  
  
  
  
Ca
2i
ni
 =
 n
ew
Cv
al
ue
s(
2,
1)
; 
  
  
Cb
2i
ni
 =
 n
ew
Cv
al
ue
s(
2,
2)
; 
  
  
  
  
  
  
Ca
3i
ni
 =
 n
ew
Cv
al
ue
s(
3,
1)
; 
  
  
Cb
3i
ni
 =
 n
ew
Cv
al
ue
s(
3,
2)
; 
  
  
  
  
  
  
Ca
4i
ni
 =
 n
ew
Cv
al
ue
s(
4,
1)
; 
  
  
Cb
4i
ni
 =
 n
ew
Cv
al
ue
s(
4,
2)
; 
  
  
  
  
  
  
Ca
5i
ni
 =
 n
ew
Cv
al
ue
s(
5,
1)
; 
  
  
Cb
5i
ni
 =
 n
ew
Cv
al
ue
s(
5,
2)
; 
  
  
  
  
  
  
Ca
6i
ni
 =
 n
ew
Cv
al
ue
s(
6,
1)
; 
  
  
Cb
6i
ni
 =
 n
ew
Cv
al
ue
s(
6,
2)
; 
  
  
  
  
  
  
Ca
7i
ni
 =
 n
ew
Cv
al
ue
s(
7,
1)
; 
  
  
Cb
7i
ni
 =
 n
ew
Cv
al
ue
s(
7,
2)
; 
  
  
  
  
  
  
Ca
8i
ni
 =
 n
ew
Cv
al
ue
s(
8,
1)
; 
  
  
Cb
8i
ni
 =
 n
ew
Cv
al
ue
s(
8,
2)
; 
  
  
  
  
  
  
  
  
  
  
  
  
Ra
1 
= 
Ne
wV
al
ue
s(
1,
1)
; 
 R
b1
 =
 N
ew
Va
lu
es
(1
,2
);
  
Ca
1 
= 
Ne
wV
al
ue
s(
1,
3)
; 
 C
b1
 =
 N
ew
Va
lu
es
(1
,4
);
  
Rp
1 
= 
Ne
wV
al
ue
s(
1,
5)
; 
  
  
  
  
  
  
Ra
2 
= 
Ne
wV
al
ue
s(
2,
1)
; 
 R
b2
 =
 N
ew
Va
lu
es
(2
,2
);
  
Ca
2 
= 
Ne
wV
al
ue
s(
2,
3)
; 
 C
b2
 =
 N
ew
Va
lu
es
(2
,4
);
  
Rp
2 
= 
Ne
wV
al
ue
s(
2,
5)
; 
  
  
  
  
  
  
Ra
3 
= 
Ne
wV
al
ue
s(
3,
1)
; 
 R
b3
 =
 N
ew
Va
lu
es
(3
,2
);
  
Ca
3 
= 
Ne
wV
al
ue
s(
3,
3)
; 
 C
b3
 =
 N
ew
Va
lu
es
(3
,4
);
  
Rp
3 
= 
Ne
wV
al
ue
s(
3,
5)
; 
  
  
  
  
  
  
Ra
4 
= 
Ne
wV
al
ue
s(
4,
1)
; 
 R
b4
 =
 N
ew
Va
lu
es
(4
,2
);
  
Ca
4 
= 
Ne
wV
al
ue
s(
4,
3)
; 
 C
b4
 =
 N
ew
Va
lu
es
(4
,4
);
  
Rp
4 
= 
Ne
wV
al
ue
s(
4,
5)
; 
  
  
  
  
  
  
Ra
5 
= 
Ne
wV
al
ue
s(
5,
1)
; 
 R
b5
 =
 N
ew
Va
lu
es
(5
,2
);
  
Ca
5 
= 
Ne
wV
al
ue
s(
5,
3)
; 
 C
b5
 =
 N
ew
Va
lu
es
(5
,4
);
  
Rp
5 
= 
Ne
wV
al
ue
s(
5,
5)
; 
  
  
  
  
  
  
Ra
6 
= 
Ne
wV
al
ue
s(
6,
1)
; 
 R
b6
 =
 N
ew
Va
lu
es
(6
,2
);
  
Ca
6 
= 
Ne
wV
al
ue
s(
6,
3)
; 
 C
b6
 =
 N
ew
Va
lu
es
(6
,4
);
  
Rp
6 
= 
Ne
wV
al
ue
s(
6,
5)
; 
  
  
  
  
  
  
Ra
7 
= 
Ne
wV
al
ue
s(
7,
1)
; 
 R
b7
 =
 N
ew
Va
lu
es
(7
,2
);
  
Ca
7 
= 
Ne
wV
al
ue
s(
7,
3)
; 
 C
b7
 =
 N
ew
Va
lu
es
(7
,4
);
  
Rp
7 
= 
Ne
wV
al
ue
s(
7,
5)
; 
  
  
  
  
  
  
Ra
8 
= 
Ne
wV
al
ue
s(
8,
1)
; 
 R
b8
 =
 N
ew
Va
lu
es
(8
,2
);
  
Ca
8 
= 
Ne
wV
al
ue
s(
8,
3)
; 
 C
b8
 =
 N
ew
Va
lu
es
(8
,4
);
  
Rp
8 
= 
Ne
wV
al
ue
s(
8,
5)
; 
 219
   
  
  
  
  
  
si
m(
Ci
cu
it
Si
m)
  
  
  
  
  
  
  
  
  
% 
af
te
r 
th
e 
si
mu
la
ti
on
, 
ne
ed
 t
o 
ge
t 
th
e 
si
mu
la
te
d 
re
su
lt
s 
in
to
 a
 m
tx
 
  
  
  
  
  
  
[r
ow
,c
ol
] 
= 
si
ze
(T
D)
; 
  
  
% 
de
fi
ne
 a
 n
ew
 d
at
a 
mt
x 
  
  
  
  
  
  
[R
OW
,C
OL
] 
= 
si
ze
(F
C_
Ce
ll
_V
1)
; 
  
% 
si
ze
 o
f 
th
e 
re
su
lt
s,
 (
ju
st
 n
ee
d 
th
e 
RO
W)
 
    
  
  
  
  
  
fi
gu
re
(1
04
) 
  
  
  
  
  
  
%%
 p
lo
t 
th
e 
Ex
pe
ri
me
nt
al
 d
at
a 
  
  
  
  
  
  
pl
ot
(T
D(
:,
2)
,T
D(
:,
1)
,T
D(
:,
5)
,T
D(
:,
4)
,T
D(
:,
8)
,T
D(
:,
7)
,T
D(
:,
11
),
TD
(:
,1
0)
,.
..
 
  
  
  
  
  
  
  
  
TD
(:
,1
4)
,T
D(
:,
13
),
TD
(:
,1
7)
,T
D(
:,
16
),
TD
(:
,2
0)
,T
D(
:,
19
),
TD
(:
,2
3)
,T
D(
:,
22
))
; 
  
  
  
  
  
  
ho
ld
 o
n;
 %
% 
pl
ot
 t
he
 e
xp
er
im
en
ta
l 
da
ta
 
  
  
  
  
  
  
pl
ot
(o
_T
D(
:,
2)
,o
_T
D(
:,
1)
,'
-.
',
o_
TD
(:
,5
),
o_
TD
(:
,4
),
'-
.'
,o
_T
D(
:,
8)
,o
_T
D(
:,
7)
,'
-.
',
o_
TD
(:
,1
1)
,o
_T
D(
:,
10
),
'-
.'
,.
..
 
  
  
  
  
  
  
  
  
o_
TD
(:
,1
4)
,o
_T
D(
:,
13
),
'-
.'
,o
_T
D(
:,
17
),
o_
TD
(:
,1
6)
,'
-.
',
o_
TD
(:
,2
0)
,o
_T
D(
:,
19
),
'-
.'
,o
_T
D(
:,
23
),
o_
TD
(:
,2
2)
,'
-.
')
; 
  
  
  
  
  
  
 
  
  
  
  
  
  
%%
 p
lo
t 
th
e 
si
mu
la
te
d 
da
ta
 
  
  
  
  
  
  
pl
ot
(t
im
e,
FC
_C
el
l_
V1
,'
:'
,t
im
e,
FC
_C
el
l_
V2
,'
:'
,t
im
e,
FC
_C
el
l_
V3
,'
:'
,t
im
e,
FC
_C
el
l_
V4
,'
:'
,.
..
 
  
  
  
  
  
  
  
  
ti
me
,F
C_
Ce
ll
_V
5,
':
',
ti
me
,F
C_
Ce
ll
_V
6,
':
',
ti
me
,F
C_
Ce
ll
_V
7,
':
',
ti
me
,F
C_
Ce
ll
_V
8,
':
')
; 
  
  
  
  
  
  
le
ge
nd
('
Ce
ll
 1
',
'C
el
l 
2'
,'
Ce
ll
 3
',
'C
el
l 
4'
,'
Ce
ll
 5
',
'C
el
l 
6'
,'
Ce
ll
 7
',
'C
el
l 
8'
);
 x
la
be
l(
'T
im
e 
(s
)'
);
 y
la
be
l(
'V
ol
ta
ge
 (
V)
')
; 
  
  
  
  
  
  
ho
ld
 o
ff
; 
    
  
  
  
  
  
fi
gu
re
(1
03
) 
 %
 p
lo
t 
th
e 
st
ac
k 
vo
lt
ag
e,
 w
it
h 
co
mp
ar
is
on
 p
oi
nt
s.
 
  
  
  
  
  
  
Si
mR
es
ul
ts
 =
 [
 F
C_
Vo
lt
ag
e 
];
 
  
  
  
  
  
  
pl
ot
(o
_T
D(
:,
st
ac
k_
po
s 
+ 
1)
,o
_T
D(
:,
st
ac
k_
po
s)
,'
bl
ac
k'
);
 %
 p
lo
t 
th
e 
Ex
pe
ri
me
nt
al
 d
at
a 
  
  
  
  
  
  
ho
ld
 o
n 
  
  
  
  
  
  
pl
ot
(t
im
e,
FC
_V
ol
ta
ge
,'
r'
);
 %
% 
pl
ot
 t
he
 s
im
ul
at
ed
 d
at
a 
  
  
  
  
  
  
pl
ot
(T
D(
:,
st
ac
k_
po
s 
+ 
1)
,T
D(
:,
st
ac
k_
po
s)
,'
b'
);
 %
% 
pl
ot
 t
he
 i
nt
er
po
la
te
d 
da
ta
 
  
  
  
  
  
  
le
ge
nd
('
Ex
pe
ri
me
nt
al
 D
at
a'
,'
Fi
tt
ed
 D
at
a'
,'
In
te
rp
ol
at
ed
 D
at
a'
);
 x
la
be
l(
'T
im
e 
(s
)'
);
 y
la
be
l(
'V
ol
ta
ge
 (
V)
')
; 
  
  
  
  
  
  
% 
no
w 
es
ta
bl
is
h 
th
e 
co
mp
ar
is
on
 p
oi
nt
s,
 
    
  
  
  
  
  
er
ro
r_
va
l 
= 
[]
; 
  
  
  
  
  
  
er
ro
r_
va
l_
ti
me
 =
 [
];
 
  
  
  
  
  
  
fo
r 
co
un
t_
pl
ot
 =
 1
:1
:r
ow
 
  
  
  
  
  
  
  
  
if
 c
om
p_
ve
c(
co
un
t_
pl
ot
,1
) 
==
 1
  
%%
 t
he
n 
pl
ot
 a
 p
oi
nt
 
  
  
  
  
  
  
  
  
  
  
pl
ot
(t
im
e(
co
un
t_
pl
ot
),
Si
mR
es
ul
ts
(c
ou
nt
_p
lo
t)
,'
.r
')
; 
 %
 S
im
Re
su
lt
s 
at
 t
hi
s 
po
in
t 
ar
e 
th
e 
st
ac
k 
vo
lt
ag
e 
  
  
  
  
  
  
  
  
  
  
pl
ot
(T
D(
co
un
t_
pl
ot
,s
ta
ck
_p
os
 +
 1
),
TD
(c
ou
nt
_p
lo
t,
st
ac
k_
po
s)
,'
.b
')
; 
  
  
  
  
  
  
  
  
  
  
er
ro
r_
va
l 
= 
[e
rr
or
_v
al
 (
co
mp
_w
ei
gh
ts
(c
ou
nt
_p
lo
t)
*(
 T
D(
co
un
t_
pl
ot
,s
ta
ck
_p
os
) 
- 
Si
mR
es
ul
ts
(c
ou
nt
_p
lo
t)
)^
2)
];
 
  
  
  
  
  
  
  
  
  
  
er
ro
r_
va
l_
ti
me
 =
 [
er
ro
r_
va
l_
ti
me
  
ti
me
(c
ou
nt
_p
lo
t)
];
 
  
  
  
  
  
  
  
  
el
se
 
  
  
  
  
  
  
  
  
en
d 
  
  
  
  
  
  
en
d 
  
  
  
  
  
  
ho
ld
 o
ff
 
    
  
  
  
  
  
fi
gu
re
(1
09
) 
  
  
  
  
  
  
pl
ot
(e
rr
or
_v
al
_t
im
e,
er
ro
r_
va
l,
'.
')
; 
    
  
  
  
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
 E
nd
 o
f 
th
e 
pl
ot
ti
ng
 p
ro
gr
am
 %
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
% 
    
  
  
  
  
  
 
 
 220
%%
%%
%%
%%
%%
%%
% 
Th
e 
fo
ll
ow
in
g 
pr
og
ra
m 
im
pl
em
en
ts
 t
he
 f
it
ti
ng
 m
et
ho
d 
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
 
  
  
  
  
 c
as
e 
{'
pr
og
ra
m_
fi
t'
} 
  
  
  
  
  
  
%%
% 
in
te
rp
ol
at
e 
pa
rt
, 
da
ta
 t
ak
en
 n
ot
 t
o 
in
cl
ud
e 
ti
me
 h
ea
de
r 
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
% 
  
  
  
  
  
  
ne
wd
at
a 
= 
[]
; 
  
  
  
  
  
  
[r
ow
,c
ol
] 
= 
si
ze
(T
D)
; 
  
  
  
  
  
  
en
d_
ti
me
 =
 F
ul
lS
im
Ti
me
; 
% 
fi
na
l 
ti
me
 f
or
 t
he
 i
nt
er
po
la
te
d 
da
ta
 
  
  
  
  
  
  
fo
r 
ce
ll
 =
 1
:1
:c
ol
/3
; 
% 
ho
w 
ma
ny
 c
ha
nn
el
s 
  
  
  
  
  
  
  
  
wr
it
e_
ro
w 
= 
0;
 %
 c
ou
nt
er
 f
or
 a
dd
in
g 
in
 d
at
a 
po
in
ts
 i
n 
th
e 
ne
w 
ma
tr
ix
 
  
  
  
  
  
  
  
  
fo
r 
ne
w_
ti
me
 =
 0
:d
t:
en
d_
ti
me
 %
 t
he
 n
ew
 i
nt
er
po
la
te
d 
ti
me
s 
  
  
  
  
  
  
  
  
  
  
wr
it
e_
ro
w 
= 
wr
it
e_
ro
w 
+ 
1;
 
  
  
  
  
  
  
  
  
  
  
%%
 f
in
d 
th
e 
cl
os
es
t 
da
ta
 p
oi
nt
  
  
  
  
  
  
  
  
  
  
  
te
mp
_t
im
e_
ve
ct
 =
 a
bs
(T
D(
:,
3*
ce
ll
 -
 1
) 
- 
ne
w_
ti
me
);
  
 %
 a
 v
ec
to
r 
wi
th
 t
he
 d
es
ir
ed
 t
im
e 
su
bt
ra
ct
ed
 
  
  
  
  
  
  
  
  
  
  
te
mp
_m
in
 =
 m
in
(t
em
p_
ti
me
_v
ec
t)
; 
 %
 f
in
ds
 t
he
 m
in
 v
al
ue
 (
of
 t
he
 a
bs
ol
ut
e 
ti
me
) 
  
  
  
  
  
  
  
  
  
  
po
sm
in
 =
 f
in
d(
 t
em
p_
mi
n 
==
 t
em
p_
ti
me
_v
ec
t)
; 
% 
fi
nd
 t
he
 p
os
it
io
n 
of
 i
t 
  
  
  
  
  
  
  
  
  
  
po
sm
in
 =
 p
os
mi
n(
1,
1)
; 
% 
in
ca
se
 t
he
re
 i
s 
mo
re
 t
ha
t 
on
e 
va
lu
es
 (
do
ub
tf
ul
) 
  
  
  
  
  
  
  
  
  
  
% 
no
w 
fi
nd
 v
ol
ta
ge
 a
nd
 t
im
e 
va
lu
es
 e
it
he
r 
si
de
, 
fo
r 
  
  
  
  
  
  
  
  
  
  
if
 p
os
mi
n 
==
 1
; 
% 
if
 t
he
 v
al
ue
s 
is
 t
he
 f
ir
st
 i
n 
th
e 
da
ta
 s
et
, 
ta
ke
 t
he
 n
ex
t 
2 
va
lu
es
 
  
  
  
  
  
  
  
  
  
  
  
  
ti
me
_v
ec
 =
 [
 T
D(
po
sm
in
,3
*c
el
l 
- 
1)
, 
  
  
TD
(p
os
mi
n 
+ 
1,
3*
ce
ll
 -
 1
),
 T
D(
po
sm
in
 +
 2
,3
*c
el
l 
- 
1)
];
 
  
  
  
  
  
  
  
  
  
  
  
  
V_
ve
c 
= 
  
 [
 T
D(
po
sm
in
,3
*c
el
l 
- 
2)
, 
  
  
TD
(p
os
mi
n 
+ 
1,
3*
ce
ll
 -
 2
),
 T
D(
po
sm
in
 +
 2
,3
*c
el
l 
- 
2)
];
 
  
  
  
  
  
  
  
  
  
  
el
se
if
 p
os
mi
n 
==
 r
ow
; 
% 
if
 t
he
 v
al
ue
s 
is
 t
he
 l
as
t 
in
 t
he
 d
at
a 
se
t,
 t
ak
e 
pr
ev
io
us
 2
 v
al
ue
s 
  
  
  
  
  
  
  
  
  
  
  
  
ti
me
_v
ec
 =
 [
 T
D(
po
sm
in
 -
 2
,3
*c
el
l 
- 
1)
, 
TD
(p
os
mi
n 
- 
1,
3*
ce
ll
 -
 1
),
 T
D(
po
sm
in
,3
*c
el
l 
- 
1)
];
 
  
  
  
  
  
  
  
  
  
  
  
  
V_
ve
c 
= 
  
 [
 T
D(
po
sm
in
 -
 2
,3
*c
el
l 
- 
2)
, 
TD
(p
os
mi
n 
- 
1,
3*
ce
ll
 -
 2
),
 T
D(
po
sm
in
,3
*c
el
l 
- 
2)
];
 
  
  
  
  
  
  
  
  
  
  
el
se
  
% 
ot
he
rw
is
e,
 t
ak
e 
da
ta
 v
al
ue
s 
ei
th
er
 s
id
e 
of
 t
he
 p
oi
nt
 
  
  
  
  
  
  
  
  
  
  
  
  
ti
me
_v
ec
 =
 [
 T
D(
po
sm
in
 -
 1
,3
*c
el
l 
- 
1)
, 
TD
(p
os
mi
n,
3*
ce
ll
 -
 1
),
  
  
 T
D(
po
sm
in
 +
 1
,3
*c
el
l 
- 
1)
];
 
  
  
  
  
  
  
  
  
  
  
  
  
V_
ve
c 
= 
  
 [
 T
D(
po
sm
in
 -
 1
,3
*c
el
l 
- 
2)
, 
TD
(p
os
mi
n,
3*
ce
ll
 -
 2
),
  
  
 T
D(
po
sm
in
 +
 1
,3
*c
el
l 
- 
2)
];
 
  
  
  
  
  
  
  
  
  
  
en
d 
  
  
  
  
  
  
  
  
  
  
p_
co
f 
= 
po
ly
fi
t(
ti
me
_v
ec
,V
_v
ec
,2
);
  
 %
 o
bt
ai
n 
th
e 
co
ef
fi
ci
en
ts
 o
f 
2n
d 
or
de
r 
po
ly
 
  
  
  
  
  
  
  
  
  
  
ne
w_
V 
= 
p_
co
f(
1)
*(
ne
w_
ti
me
^2
) 
+ 
p_
co
f(
2)
*n
ew
_t
im
e 
+ 
p_
co
f(
3)
; 
%%
 g
et
 t
he
 v
ol
ta
ge
 v
al
ue
s 
at
 t
he
 d
es
ir
ed
 t
im
e 
  
  
  
  
  
  
  
  
  
  
% 
wr
it
e 
th
e 
va
lu
es
 i
nt
o 
a 
ne
w 
ma
tr
ix
 
  
  
  
  
  
  
  
  
  
  
ne
wd
at
a(
wr
it
e_
ro
w,
3*
ce
ll
 -
 2
) 
= 
ne
w_
V;
  
  
  
  
  
% 
ne
w 
Vo
lt
ag
e 
  
  
  
  
  
  
  
  
  
  
ne
wd
at
a(
wr
it
e_
ro
w,
3*
ce
ll
 -
 1
) 
= 
ne
w_
ti
me
; 
  
  
  
% 
ne
w 
ti
me
 
  
  
  
  
  
  
  
  
  
  
ne
wd
at
a(
wr
it
e_
ro
w,
3*
ce
ll
) 
  
  
= 
TD
(2
,3
*c
el
l)
; 
% 
ch
an
ne
l 
nu
mb
er
 
  
  
  
  
  
  
  
  
en
d 
 %
 n
ew
_t
im
e 
= 
0:
1:
en
d_
ti
me
 %
 t
he
 n
ew
 i
nt
er
po
la
te
d 
ti
me
s 
  
  
  
  
  
  
en
d 
% 
ce
ll
 =
 1
:1
:3
; 
% 
ho
w 
ma
ny
 c
ha
nn
el
s 
  
  
  
  
  
  
o_
TD
 =
 T
D;
 
  
  
  
  
  
  
TD
 =
 n
ew
da
ta
; 
  
% 
re
de
fi
ne
 t
he
 e
xp
er
im
en
ta
l 
da
ta
 v
ar
ia
bl
e 
wi
th
 t
he
 i
nt
er
po
la
te
d 
da
ta
 s
et
 
  
  
  
  
  
  
%%
%%
%%
 e
nd
 i
nt
er
po
la
ti
on
 p
ar
t 
of
 t
he
 c
od
e 
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
% 
  
  
  
  
  
  
  
  
  
  
  
%%
% 
cr
ea
te
 c
om
pa
ri
so
n 
ve
ct
or
s 
  
%%
%%
%%
%%
 
  
  
  
  
  
  
[r
ow
,c
ol
] 
= 
si
ze
(T
D)
; 
 %
 r
ed
ef
in
es
 r
ow
 a
nd
 c
ol
 n
ow
 t
ha
t 
TD
 i
s 
in
te
rp
ol
at
ed
 d
at
a 
  
  
  
  
  
  
co
mp
_v
ec
 =
 z
er
os
(r
ow
,1
);
 %
% 
co
mp
_v
ec
 c
on
si
st
s 
of
 o
ne
s 
an
d 
ze
ro
s,
 
  
  
  
  
  
  
co
mp
_w
ei
gh
ts
 =
 z
er
os
(r
ow
,1
);
 %
% 
co
mp
_w
ei
gh
ts
 i
s 
si
mi
la
r 
bu
t 
co
ns
is
ts
 o
f 
th
e 
we
ig
ht
s 
  
  
  
  
  
  
fo
r 
co
un
t_
po
in
ts
 =
 1
:1
:c
ol
_c
om
p/
2 
  
  
  
  
  
  
  
  
st
ar
t_
ti
me
 =
 C
om
pT
im
es
(2
*c
ou
nt
_p
oi
nt
s-
1)
; 
  
  
  
  
  
  
  
  
en
d_
ti
me
 =
 C
om
pT
im
es
(2
*c
ou
nt
_p
oi
nt
s)
; 
  
  
  
  
  
  
  
  
st
ep
_t
im
e 
= 
ro
un
d(
(e
nd
_t
im
e 
- 
st
ar
t_
ti
me
)/
nu
m_
te
st
_p
oi
nt
s)
; 
  
  
  
  
  
  
  
  
fo
r 
go
od
Co
un
t 
= 
st
ar
t_
ti
me
:s
te
p_
ti
me
:e
nd
_t
im
e 
  
  
  
  
  
  
  
  
  
  
co
mp
_v
ec
(g
oo
dC
ou
nt
,1
) 
= 
1;
 
  
  
  
  
  
  
  
  
  
  
co
mp
_w
ei
gh
ts
(g
oo
dC
ou
nt
,1
) 
= 
we
ig
ht
(c
ou
nt
_p
oi
nt
s)
; 
  
  
  
  
  
  
  
  
en
d 
  
  
  
  
  
  
en
d 
 221
  
  
  
  
  
  
Si
mT
im
e 
= 
Fu
ll
Si
mT
im
e;
 
  
  
  
  
  
  
ol
dC
va
lu
es
 =
 n
ew
Cv
al
ue
s;
 
  
  
  
  
  
  
Ol
dV
al
ue
s 
= 
Ne
wV
al
ue
s;
 
    
  
  
  
  
  
Ca
1i
ni
 =
 n
ew
Cv
al
ue
s(
1,
1)
; 
  
  
Cb
1i
ni
 =
 n
ew
Cv
al
ue
s(
1,
2)
; 
  
  
  
  
  
  
Ca
2i
ni
 =
 n
ew
Cv
al
ue
s(
2,
1)
; 
  
  
Cb
2i
ni
 =
 n
ew
Cv
al
ue
s(
2,
2)
; 
  
  
  
  
  
  
Ca
3i
ni
 =
 n
ew
Cv
al
ue
s(
3,
1)
; 
  
  
Cb
3i
ni
 =
 n
ew
Cv
al
ue
s(
3,
2)
; 
  
  
  
  
  
  
Ca
4i
ni
 =
 n
ew
Cv
al
ue
s(
4,
1)
; 
  
  
Cb
4i
ni
 =
 n
ew
Cv
al
ue
s(
4,
2)
; 
  
  
  
  
  
  
Ca
5i
ni
 =
 n
ew
Cv
al
ue
s(
5,
1)
; 
  
  
Cb
5i
ni
 =
 n
ew
Cv
al
ue
s(
5,
2)
; 
  
  
  
  
  
  
Ca
6i
ni
 =
 n
ew
Cv
al
ue
s(
6,
1)
; 
  
  
Cb
6i
ni
 =
 n
ew
Cv
al
ue
s(
6,
2)
; 
  
  
  
  
  
  
Ca
7i
ni
 =
 n
ew
Cv
al
ue
s(
7,
1)
; 
  
  
Cb
7i
ni
 =
 n
ew
Cv
al
ue
s(
7,
2)
; 
  
  
  
  
  
  
Ca
8i
ni
 =
 n
ew
Cv
al
ue
s(
8,
1)
; 
  
  
Cb
8i
ni
 =
 n
ew
Cv
al
ue
s(
8,
2)
; 
    
  
  
  
  
  
Ra
1 
= 
Ne
wV
al
ue
s(
1,
1)
; 
 R
b1
 =
 N
ew
Va
lu
es
(1
,2
);
  
Ca
1 
= 
Ne
wV
al
ue
s(
1,
3)
; 
 C
b1
 =
 N
ew
Va
lu
es
(1
,4
);
  
Rp
1 
= 
Ne
wV
al
ue
s(
1,
5)
; 
  
  
  
  
  
  
Ra
2 
= 
Ne
wV
al
ue
s(
2,
1)
; 
 R
b2
 =
 N
ew
Va
lu
es
(2
,2
);
  
Ca
2 
= 
Ne
wV
al
ue
s(
2,
3)
; 
 C
b2
 =
 N
ew
Va
lu
es
(2
,4
);
  
Rp
2 
= 
Ne
wV
al
ue
s(
2,
5)
; 
  
  
  
  
  
  
Ra
3 
= 
Ne
wV
al
ue
s(
3,
1)
; 
 R
b3
 =
 N
ew
Va
lu
es
(3
,2
);
  
Ca
3 
= 
Ne
wV
al
ue
s(
3,
3)
; 
 C
b3
 =
 N
ew
Va
lu
es
(3
,4
);
  
Rp
3 
= 
Ne
wV
al
ue
s(
3,
5)
; 
  
  
  
  
  
  
Ra
4 
= 
Ne
wV
al
ue
s(
4,
1)
; 
 R
b4
 =
 N
ew
Va
lu
es
(4
,2
);
  
Ca
4 
= 
Ne
wV
al
ue
s(
4,
3)
; 
 C
b4
 =
 N
ew
Va
lu
es
(4
,4
);
  
Rp
4 
= 
Ne
wV
al
ue
s(
4,
5)
; 
  
  
  
  
  
  
Ra
5 
= 
Ne
wV
al
ue
s(
5,
1)
; 
 R
b5
 =
 N
ew
Va
lu
es
(5
,2
);
  
Ca
5 
= 
Ne
wV
al
ue
s(
5,
3)
; 
 C
b5
 =
 N
ew
Va
lu
es
(5
,4
);
  
Rp
5 
= 
Ne
wV
al
ue
s(
5,
5)
; 
  
  
  
  
  
  
Ra
6 
= 
Ne
wV
al
ue
s(
6,
1)
; 
 R
b6
 =
 N
ew
Va
lu
es
(6
,2
);
  
Ca
6 
= 
Ne
wV
al
ue
s(
6,
3)
; 
 C
b6
 =
 N
ew
Va
lu
es
(6
,4
);
  
Rp
6 
= 
Ne
wV
al
ue
s(
6,
5)
; 
  
  
  
  
  
  
Ra
7 
= 
Ne
wV
al
ue
s(
7,
1)
; 
 R
b7
 =
 N
ew
Va
lu
es
(7
,2
);
  
Ca
7 
= 
Ne
wV
al
ue
s(
7,
3)
; 
 C
b7
 =
 N
ew
Va
lu
es
(7
,4
);
  
Rp
7 
= 
Ne
wV
al
ue
s(
7,
5)
; 
  
  
  
  
  
  
Ra
8 
= 
Ne
wV
al
ue
s(
8,
1)
; 
 R
b8
 =
 N
ew
Va
lu
es
(8
,2
);
  
Ca
8 
= 
Ne
wV
al
ue
s(
8,
3)
; 
 C
b8
 =
 N
ew
Va
lu
es
(8
,4
);
  
Rp
8 
= 
Ne
wV
al
ue
s(
8,
5)
; 
    
  
  
  
  
  
si
m(
Ci
cu
it
Si
m)
  
  
  
  
  
  
  
  
  
% 
af
te
r 
th
e 
si
mu
la
ti
on
, 
ne
ed
 t
o 
ge
t 
th
e 
si
mu
la
te
d 
re
su
lt
s 
in
to
 a
 m
tx
 
  
  
  
  
  
  
[r
ow
,c
ol
] 
= 
si
ze
(T
D)
; 
  
  
  
  
  
% 
de
fi
ne
 a
 n
ew
 d
at
a 
mt
x 
  
  
  
  
  
  
[R
OW
,C
OL
] 
= 
si
ze
(F
C_
Ce
ll
_V
1)
; 
  
% 
si
ze
 o
f 
th
e 
re
su
lt
s,
 (
ju
st
 n
ee
d 
th
e 
RO
W)
 
  
  
  
  
  
  
Si
mR
es
ul
ts
 =
 [
 F
C_
Ce
ll
_V
1,
 F
C_
Ce
ll
_V
2,
 F
C_
Ce
ll
_V
3,
 F
C_
Ce
ll
_V
4,
 F
C_
Ce
ll
_V
5,
 F
C_
Ce
ll
_V
6,
 F
C_
Ce
ll
_V
7,
 F
C_
Ce
ll
_V
8]
; 
  
  
  
  
  
  
[C
Vr
ow
,C
Vc
ol
] 
= 
si
ze
(C
ha
ng
eV
ar
e)
; 
  
  
  
  
  
  
Ho
wG
oo
d 
= 
ze
ro
s(
1,
CV
co
l)
; 
  
  
  
% 
ta
ke
s 
al
l 
th
e 
er
ro
rs
 f
ro
m 
th
e 
di
ff
er
en
t 
va
lu
es
 t
ri
ed
 
  
  
  
  
  
  
Ho
wG
oo
dC
 =
 H
ow
Go
od
; 
  
  
  
  
  
  
% 
th
e 
sa
me
 s
iz
e 
co
mp
ar
is
on
 o
f 
th
e 
ca
pa
ci
ta
nc
e 
va
lu
es
 
  
  
  
  
  
  
Fu
ll
_e
xi
t 
= 
0;
 
  
  
  
  
  
  
 
  
  
  
  
  
  
%%
%%
%%
 S
ta
rt
 t
he
 f
it
ti
ng
 a
lg
or
it
hm
  
%%
%%
%%
%%
%%
%%
 
  
  
  
  
  
  
fo
r 
To
t_
Co
un
t 
= 
1:
1:
To
ta
l_
Al
go
_I
tt
; 
 %
 h
ow
 m
an
y 
ti
me
s 
th
ro
ug
h 
th
e 
wh
ol
e 
al
go
ri
th
m 
  
  
  
  
  
  
  
  
fo
r 
Co
un
tI
tt
 =
 1
:1
:i
tt
er
at
io
ns
; 
 %
 m
an
y 
ti
me
s 
th
ro
ug
h 
th
e 
ci
rc
ui
t 
va
ri
ab
le
 l
oo
p 
    
  
  
  
  
  
  
  
  
  
sa
ve
(s
av
ef
il
e,
'N
ew
Va
lu
es
',
'n
ew
Cv
al
ue
s'
,'
in
it
al
_g
ue
ss
',
'i
ni
ta
l_
ne
wC
va
lu
es
',
'l
ea
st
_e
rr
or
',
'i
tt
_n
um
')
; 
  
  
  
  
  
  
  
  
  
  
Si
mT
im
e 
= 
Fu
ll
Si
mT
im
e;
 
    
  
  
  
  
  
  
  
  
  
Ne
wV
al
ue
s 
% 
ju
st
 d
is
pl
ay
s 
th
e 
cu
rr
en
t 
so
lu
ti
on
 
  
  
  
  
  
  
  
  
  
  
Da
ta
_r
un
_A
ND
_T
ot
_C
ou
nt
_A
ND
_C
ou
nt
It
t 
= 
[d
at
a_
fi
t_
ru
n,
 T
ot
_C
ou
nt
, 
Co
un
tI
tt
] 
% 
di
sp
la
ys
 t
he
 p
ro
gr
es
s 
  
  
  
  
  
  
  
  
  
  
si
m(
Ci
cu
it
Si
m)
; 
 
  
  
  
  
  
  
  
  
  
  
Si
mR
es
ul
ts
 =
 [
 F
C_
Ce
ll
_V
1,
 F
C_
Ce
ll
_V
2,
 F
C_
Ce
ll
_V
3,
 F
C_
Ce
ll
_V
4,
 F
C_
Ce
ll
_V
5,
 F
C_
Ce
ll
_V
6,
 F
C_
Ce
ll
_V
7,
 F
C_
Ce
ll
_V
8]
; 
    
  
  
  
  
  
  
  
  
  
fo
r 
co
un
tC
el
l 
= 
1:
1:
Ne
wV
al
ue
s_
ro
w;
  
  
  
  
  
% 
go
se
 t
hr
ou
gh
 e
ac
h 
ce
ll
 
  
  
  
  
  
  
  
  
  
  
  
  
fo
r 
co
un
tV
ar
Wh
ic
hO
ne
s 
= 
1:
1:
Fi
nd
Wh
ic
hV
al
ue
s_
co
l;
  
 %
 s
ee
 v
ec
to
r 
at
 t
he
 s
ta
rt
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
co
un
tV
ar
 =
 F
in
dW
hi
ch
Va
lu
es
(c
ou
nt
Va
rW
hi
ch
On
es
);
 %
 t
hi
s 
va
ri
ab
le
 u
se
 t
o 
be
 t
he
 o
ld
 o
ne
 i
n 
th
e 
fo
r 
lo
op
 a
bo
ve
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
 
 222
  
  
  
  
  
  
  
  
  
  
  
  
  
 f
or
 c
ou
nt
 =
 1
:1
:C
Vc
ol
  
  
  
  
  
  
  
 %
 g
oe
s 
th
ro
ug
h 
al
l 
of
 t
he
 s
pr
ea
d 
in
 v
al
ue
s 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ne
wV
al
ue
s(
co
un
tC
el
l,
co
un
tV
ar
) 
= 
Ol
dV
al
ue
s(
co
un
tC
el
l,
co
un
tV
ar
)*
Ch
an
ge
Va
re
(c
ou
nt
);
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ra
1 
= 
Ne
wV
al
ue
s(
1,
1)
; 
 R
b1
 =
 N
ew
Va
lu
es
(1
,2
);
  
Ca
1 
= 
Ne
wV
al
ue
s(
1,
3)
; 
 C
b1
 =
 N
ew
Va
lu
es
(1
,4
);
 R
p1
 =
 N
ew
Va
lu
es
(1
,5
);
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ra
2 
= 
Ne
wV
al
ue
s(
2,
1)
; 
 R
b2
 =
 N
ew
Va
lu
es
(2
,2
);
  
Ca
2 
= 
Ne
wV
al
ue
s(
2,
3)
; 
 C
b2
 =
 N
ew
Va
lu
es
(2
,4
);
 R
p2
 =
 N
ew
Va
lu
es
(2
,5
);
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ra
3 
= 
Ne
wV
al
ue
s(
3,
1)
; 
 R
b3
 =
 N
ew
Va
lu
es
(3
,2
);
  
Ca
3 
= 
Ne
wV
al
ue
s(
3,
3)
; 
 C
b3
 =
 N
ew
Va
lu
es
(3
,4
);
 R
p3
 =
 N
ew
Va
lu
es
(3
,5
);
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ra
4 
= 
Ne
wV
al
ue
s(
4,
1)
; 
 R
b4
 =
 N
ew
Va
lu
es
(4
,2
);
  
Ca
4 
= 
Ne
wV
al
ue
s(
4,
3)
; 
 C
b4
 =
 N
ew
Va
lu
es
(4
,4
);
 R
p4
 =
 N
ew
Va
lu
es
(4
,5
);
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ra
5 
= 
Ne
wV
al
ue
s(
5,
1)
; 
 R
b5
 =
 N
ew
Va
lu
es
(5
,2
);
  
Ca
5 
= 
Ne
wV
al
ue
s(
5,
3)
; 
 C
b5
 =
 N
ew
Va
lu
es
(5
,4
);
 R
p5
 =
 N
ew
Va
lu
es
(5
,5
);
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ra
6 
= 
Ne
wV
al
ue
s(
6,
1)
; 
 R
b6
 =
 N
ew
Va
lu
es
(6
,2
);
  
Ca
6 
= 
Ne
wV
al
ue
s(
6,
3)
; 
 C
b6
 =
 N
ew
Va
lu
es
(6
,4
);
 R
p6
 =
 N
ew
Va
lu
es
(6
,5
);
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ra
7 
= 
Ne
wV
al
ue
s(
7,
1)
; 
 R
b7
 =
 N
ew
Va
lu
es
(7
,2
);
  
Ca
7 
= 
Ne
wV
al
ue
s(
7,
3)
; 
 C
b7
 =
 N
ew
Va
lu
es
(7
,4
);
 R
p7
 =
 N
ew
Va
lu
es
(7
,5
);
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ra
8 
= 
Ne
wV
al
ue
s(
8,
1)
; 
 R
b8
 =
 N
ew
Va
lu
es
(8
,2
);
  
Ca
8 
= 
Ne
wV
al
ue
s(
8,
3)
; 
 C
b8
 =
 N
ew
Va
lu
es
(8
,4
);
 R
p8
 =
 N
ew
Va
lu
es
(8
,5
);
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
si
m(
Ci
cu
it
Si
m)
; 
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Si
mR
es
ul
ts
 =
 [
 F
C_
Ce
ll
_V
1,
 F
C_
Ce
ll
_V
2,
 F
C_
Ce
ll
_V
3,
 F
C_
Ce
ll
_V
4,
 F
C_
Ce
ll
_V
5,
 F
C_
Ce
ll
_V
6,
 F
C_
Ce
ll
_V
7,
 F
C_
Ce
ll
_V
8]
; 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
%%
% 
de
te
rm
in
e 
ho
w 
go
od
 t
he
 f
it
 i
s,
 i
e.
 c
al
cu
la
te
s 
th
e 
sq
ua
re
s 
er
ro
r 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ho
wG
oo
d(
co
un
t)
 =
 s
um
((
((
(T
D(
:,
(c
ou
nt
Ce
ll
*3
 -
 2
))
 -
 S
im
Re
su
lt
s(
:,
 c
ou
nt
Ce
ll
))
.*
(c
om
p_
ve
c)
).
^2
).
*c
om
p_
we
ig
ht
s)
);
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
en
d 
 %
 c
ou
nt
 ,
 (
al
l 
sp
re
ad
 o
f 
va
lu
es
 t
ri
ed
) 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Mi
nP
la
ce
 =
 f
in
d(
  
Ho
wG
oo
d 
==
 (
mi
n(
Ho
wG
oo
d)
))
; 
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Mi
nP
la
ce
 =
 M
in
Pl
ac
e(
1,
1)
; 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
%%
 r
ed
ef
in
e 
th
e 
ci
rc
ui
t 
va
lu
e 
ba
se
d 
on
 t
he
 s
ma
ll
es
t 
er
ro
r 
fo
un
d 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ne
wV
al
ue
s(
co
un
tC
el
l,
co
un
tV
ar
) 
= 
Ol
dV
al
ue
s(
co
un
tC
el
l,
co
un
tV
ar
)*
Ch
an
ge
Va
re
(M
in
Pl
ac
e)
; 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ho
wG
oo
d 
= 
ze
ro
s(
1,
CV
co
l)
; 
  
  
  
  
  
  
  
  
  
  
  
  
en
d 
 %
 c
ou
nt
Va
r 
, 
al
l 
of
 t
he
 c
om
po
ne
nt
s 
in
 t
he
 c
el
l 
  
  
  
  
  
  
  
  
  
  
en
d 
 %
  
co
un
tC
el
l,
 o
f 
th
e 
ce
ll
s 
in
 t
he
 s
ta
ck
 
  
  
  
  
  
  
  
  
  
  
it
t_
nu
m 
= 
it
t_
nu
m 
+ 
1;
 %
% 
ke
ep
 t
ra
ck
 o
f 
th
e 
er
ro
r 
  
%%
 e
nd
 k
ee
p 
tr
ac
k 
of
 t
he
 e
rr
or
 %
 r
ec
or
d 
it
t 
nu
mb
er
 
  
  
  
  
  
  
  
  
  
  
if
 O
ld
Va
lu
es
 =
= 
Ne
wV
al
ue
s;
 
  
  
  
  
  
  
  
  
  
  
  
  
if
 C
ou
nt
It
t 
==
 1
; 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Fu
ll
_e
xi
t 
= 
1;
 
  
  
  
  
  
  
  
  
  
  
  
  
el
se
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Fu
ll
_e
xi
t 
= 
0;
 
  
  
  
  
  
  
  
  
  
  
  
  
en
d 
  
  
  
  
  
  
  
  
  
  
  
  
br
ea
k 
  
  
  
  
  
  
  
  
  
  
el
se
 
  
  
  
  
  
  
  
  
  
  
en
d 
  
  
  
  
  
  
  
  
  
  
Ol
dV
al
ue
s 
= 
Ne
wV
al
ue
s;
 
  
  
  
  
  
  
  
  
  
  
Ra
1 
= 
Ne
wV
al
ue
s(
1,
1)
; 
 R
b1
 =
 N
ew
Va
lu
es
(1
,2
);
  
Ca
1 
= 
Ne
wV
al
ue
s(
1,
3)
; 
 C
b1
 =
 N
ew
Va
lu
es
(1
,4
);
  
Rp
1 
= 
Ne
wV
al
ue
s(
1,
5)
; 
  
  
  
  
  
  
  
  
  
  
Ra
2 
= 
Ne
wV
al
ue
s(
2,
1)
; 
 R
b2
 =
 N
ew
Va
lu
es
(2
,2
);
  
Ca
2 
= 
Ne
wV
al
ue
s(
2,
3)
; 
 C
b2
 =
 N
ew
Va
lu
es
(2
,4
);
  
Rp
2 
= 
Ne
wV
al
ue
s(
2,
5)
; 
  
  
  
  
  
  
  
  
  
  
Ra
3 
= 
Ne
wV
al
ue
s(
3,
1)
; 
 R
b3
 =
 N
ew
Va
lu
es
(3
,2
);
  
Ca
3 
= 
Ne
wV
al
ue
s(
3,
3)
; 
 C
b3
 =
 N
ew
Va
lu
es
(3
,4
);
  
Rp
3 
= 
Ne
wV
al
ue
s(
3,
5)
; 
  
  
  
  
  
  
  
  
  
  
Ra
4 
= 
Ne
wV
al
ue
s(
4,
1)
; 
 R
b4
 =
 N
ew
Va
lu
es
(4
,2
);
  
Ca
4 
= 
Ne
wV
al
ue
s(
4,
3)
; 
 C
b4
 =
 N
ew
Va
lu
es
(4
,4
);
  
Rp
4 
= 
Ne
wV
al
ue
s(
4,
5)
; 
  
  
  
  
  
  
  
  
  
  
Ra
5 
= 
Ne
wV
al
ue
s(
5,
1)
; 
 R
b5
 =
 N
ew
Va
lu
es
(5
,2
);
  
Ca
5 
= 
Ne
wV
al
ue
s(
5,
3)
; 
 C
b5
 =
 N
ew
Va
lu
es
(5
,4
);
  
Rp
5 
= 
Ne
wV
al
ue
s(
5,
5)
; 
  
  
  
  
  
  
  
  
  
  
Ra
6 
= 
Ne
wV
al
ue
s(
6,
1)
; 
 R
b6
 =
 N
ew
Va
lu
es
(6
,2
);
  
Ca
6 
= 
Ne
wV
al
ue
s(
6,
3)
; 
 C
b6
 =
 N
ew
Va
lu
es
(6
,4
);
  
Rp
6 
= 
Ne
wV
al
ue
s(
6,
5)
; 
  
  
  
  
  
  
  
  
  
  
Ra
7 
= 
Ne
wV
al
ue
s(
7,
1)
; 
 R
b7
 =
 N
ew
Va
lu
es
(7
,2
);
  
Ca
7 
= 
Ne
wV
al
ue
s(
7,
3)
; 
 C
b7
 =
 N
ew
Va
lu
es
(7
,4
);
  
Rp
7 
= 
Ne
wV
al
ue
s(
7,
5)
; 
  
  
  
  
  
  
  
  
  
  
Ra
8 
= 
Ne
wV
al
ue
s(
8,
1)
; 
 R
b8
 =
 N
ew
Va
lu
es
(8
,2
);
  
Ca
8 
= 
Ne
wV
al
ue
s(
8,
3)
; 
 C
b8
 =
 N
ew
Va
lu
es
(8
,4
);
  
Rp
8 
= 
Ne
wV
al
ue
s(
8,
5)
; 
  
  
  
  
  
  
  
  
en
d 
 %
% 
it
er
at
io
ns
 ,
 m
ax
 n
um
be
r 
of
 t
im
es
 i
t 
wi
ll
 g
o 
th
ro
ug
h 
th
e 
pa
ra
me
te
r 
al
go
ri
th
m 
  
  
  
  
  
  
  
  
Ra
1 
= 
Ne
wV
al
ue
s(
1,
1)
; 
 R
b1
 =
 N
ew
Va
lu
es
(1
,2
);
  
Ca
1 
= 
Ne
wV
al
ue
s(
1,
3)
; 
 C
b1
 =
 N
ew
Va
lu
es
(1
,4
);
  
Rp
1 
= 
Ne
wV
al
ue
s(
1,
5)
; 
  
  
  
  
  
  
  
  
Ra
2 
= 
Ne
wV
al
ue
s(
2,
1)
; 
 R
b2
 =
 N
ew
Va
lu
es
(2
,2
);
  
Ca
2 
= 
Ne
wV
al
ue
s(
2,
3)
; 
 C
b2
 =
 N
ew
Va
lu
es
(2
,4
);
  
Rp
2 
= 
Ne
wV
al
ue
s(
2,
5)
; 
  
  
  
  
  
  
  
  
Ra
3 
= 
Ne
wV
al
ue
s(
3,
1)
; 
 R
b3
 =
 N
ew
Va
lu
es
(3
,2
);
  
Ca
3 
= 
Ne
wV
al
ue
s(
3,
3)
; 
 C
b3
 =
 N
ew
Va
lu
es
(3
,4
);
  
Rp
3 
= 
Ne
wV
al
ue
s(
3,
5)
; 
  
  
  
  
  
  
  
  
Ra
4 
= 
Ne
wV
al
ue
s(
4,
1)
; 
 R
b4
 =
 N
ew
Va
lu
es
(4
,2
);
  
Ca
4 
= 
Ne
wV
al
ue
s(
4,
3)
; 
 C
b4
 =
 N
ew
Va
lu
es
(4
,4
);
  
Rp
4 
= 
Ne
wV
al
ue
s(
4,
5)
; 
  
  
  
  
  
  
  
  
Ra
5 
= 
Ne
wV
al
ue
s(
5,
1)
; 
 R
b5
 =
 N
ew
Va
lu
es
(5
,2
);
  
Ca
5 
= 
Ne
wV
al
ue
s(
5,
3)
; 
 C
b5
 =
 N
ew
Va
lu
es
(5
,4
);
  
Rp
5 
= 
Ne
wV
al
ue
s(
5,
5)
; 
  
  
  
  
  
  
  
  
Ra
6 
= 
Ne
wV
al
ue
s(
6,
1)
; 
 R
b6
 =
 N
ew
Va
lu
es
(6
,2
);
  
Ca
6 
= 
Ne
wV
al
ue
s(
6,
3)
; 
 C
b6
 =
 N
ew
Va
lu
es
(6
,4
);
  
Rp
6 
= 
Ne
wV
al
ue
s(
6,
5)
; 
  
  
  
  
  
  
  
  
Ra
7 
= 
Ne
wV
al
ue
s(
7,
1)
; 
 R
b7
 =
 N
ew
Va
lu
es
(7
,2
);
  
Ca
7 
= 
Ne
wV
al
ue
s(
7,
3)
; 
 C
b7
 =
 N
ew
Va
lu
es
(7
,4
);
  
Rp
7 
= 
Ne
wV
al
ue
s(
7,
5)
; 
  
  
  
  
  
  
  
  
Ra
8 
= 
Ne
wV
al
ue
s (
8,
1)
; 
 R
b8
 =
 N
ew
Va
lu
es
(8
,2
);
  
Ca
8 
= 
Ne
wV
al
ue
s(
8,
3)
; 
 C
b8
 =
 N
ew
Va
lu
es
(8
,4
);
  
Rp
8 
= 
Ne
wV
al
ue
s(
8,
5)
; 
 223
  
  
  
  
  
  
  
  
si
m(
Ci
cu
it
Si
m)
; 
 
  
  
  
  
  
  
  
  
Si
mR
es
ul
ts
 =
 [
FC
_C
el
l_
V1
, 
FC
_C
el
l_
V2
, 
FC
_C
el
l_
V3
, 
FC
_C
el
l_
V4
, 
FC
_C
el
l_
V5
, 
FC
_C
el
l_
V6
, 
FC
_C
el
l_
V7
, 
FC
_C
el
l_
V8
];
 
    
  
  
  
  
  
  
  
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
% 
  
  
  
  
  
  
  
  
%%
%%
%%
% 
 l
oo
p 
fo
r 
ca
lc
ul
at
in
g 
th
e 
in
it
ia
l 
co
nd
it
io
ns
 o
f 
th
e 
ca
pa
ci
to
rs
 
    
  
  
  
  
  
  
  
fo
r 
Co
un
t_
C_
it
t 
= 
1:
1:
C_
it
te
ra
ti
on
s 
    
  
  
  
  
  
  
  
  
  
sa
ve
(s
av
ef
il
e,
'N
ew
Va
lu
es
',
'n
ew
Cv
al
ue
s'
,'
in
it
al
_g
ue
ss
',
'i
ni
ta
l_
ne
wC
va
lu
es
',
'l
ea
st
_e
rr
or
',
'i
tt
_n
um
')
; 
  
  
  
  
  
  
  
  
  
  
Si
mT
im
e 
= 
St
ea
dy
Si
mT
im
e;
 %
% 
on
ly
 n
ee
d 
to
 s
im
ul
at
e 
th
e 
st
ar
t 
se
ct
io
n 
    
  
  
  
  
  
  
  
  
  
%%
 d
o 
a 
di
sp
la
y 
  
  
  
  
  
  
  
  
  
  
Co
un
t_
C_
it
t 
 %
 w
ha
t 
it
er
at
io
n 
th
e 
al
go
ri
th
m 
is
 u
p 
to
 
  
  
  
  
  
  
  
  
  
  
ne
wC
va
lu
es
  
 %
 t
he
 c
ur
re
nt
 i
ni
ti
al
 v
ol
ta
ge
 c
on
di
ti
on
s 
of
 t
he
 c
ap
ac
it
or
s 
    
  
  
  
  
  
  
  
  
  
Ca
1i
ni
 =
 n
ew
Cv
al
ue
s(
1,
1)
; 
  
  
Cb
1i
ni
 =
 n
ew
Cv
al
ue
s(
1,
2)
; 
  
  
  
  
  
  
  
  
  
  
Ca
2i
ni
 =
 n
ew
Cv
al
ue
s(
2,
1)
; 
  
  
Cb
2i
ni
 =
 n
ew
Cv
al
ue
s(
2,
2)
; 
  
  
  
  
  
  
  
  
  
  
Ca
3i
ni
 =
 n
ew
Cv
al
ue
s(
3,
1)
; 
  
  
Cb
3i
ni
 =
 n
ew
Cv
al
ue
s(
3,
2)
; 
  
  
  
  
  
  
  
  
  
  
Ca
4i
ni
 =
 n
ew
Cv
al
ue
s(
4,
1)
; 
  
  
Cb
4i
ni
 =
 n
ew
Cv
al
ue
s(
4,
2)
; 
  
  
  
  
  
  
  
  
  
  
Ca
5i
ni
 =
 n
ew
Cv
al
ue
s(
5,
1)
; 
  
  
Cb
5i
ni
 =
 n
ew
Cv
al
ue
s(
5,
2)
; 
  
  
  
  
  
  
  
  
  
  
Ca
6i
ni
 =
 n
ew
Cv
al
ue
s(
6,
1)
; 
  
  
Cb
6i
ni
 =
 n
ew
Cv
al
ue
s(
6,
2)
; 
  
  
  
  
  
  
  
  
  
  
Ca
7i
ni
 =
 n
ew
Cv
al
ue
s(
7,
1)
; 
  
  
Cb
7i
ni
 =
 n
ew
Cv
al
ue
s(
7,
2)
; 
  
  
  
  
  
  
  
  
  
  
Ca
8i
ni
 =
 n
ew
Cv
al
ue
s(
8,
1)
; 
  
  
Cb
8i
ni
 =
 n
ew
Cv
al
ue
s(
8,
2)
; 
    
  
  
  
  
  
  
  
  
  
si
m(
Ci
cu
it
Si
m)
; 
 
  
  
  
  
  
  
  
  
  
  
Si
mR
es
ul
ts
 =
 [
FC
_C
el
l_
V1
, 
FC
_C
el
l_
V2
, 
FC
_C
el
l_
V3
, 
FC
_C
el
l_
V4
, 
FC
_C
el
l_
V5
, 
FC
_C
el
l_
V6
, 
FC
_C
el
l_
V7
, 
FC
_C
el
l_
V8
];
 
    
  
  
  
  
  
  
  
  
  
[r
ow
_C
_s
im
,c
ol
_C
_s
im
] 
= 
si
ze
(t
im
e)
; 
 %
 j
us
t 
ne
ed
 t
he
 l
en
gh
t 
fo
r 
C 
co
mp
ar
is
on
 
    
  
  
  
  
  
  
  
  
  
fo
r 
C_
co
un
t 
= 
1:
1:
Ne
wV
al
ue
s_
ro
w 
  
  
  
  
% 
go
 t
hr
ou
gh
 e
ac
h 
ce
ll
 
  
  
  
  
  
  
  
  
  
  
  
  
fo
r 
C_
co
mp
 =
 2
:1
:2
  
  
  
  
  
  
  
  
  
% 
go
 t
hr
ou
gh
 e
ac
h 
ca
p 
co
mp
on
en
t 
in
 t
he
 m
od
el
, 
i.
e.
 t
he
 t
wo
 i
nn
er
 o
ne
s 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
fo
r 
C_
tr
y 
= 
1:
1:
C_
sp
re
ad
_c
ol
  
  
% 
go
 t
hr
ou
gh
 e
ac
h 
ne
w 
gu
es
s 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
ne
wC
va
lu
es
(C
_c
ou
nt
,C
_c
om
p)
 =
 o
ld
Cv
al
ue
s(
C_
co
un
t,
C_
co
mp
)*
C_
sp
re
ad
_v
ec
(1
,C
_t
ry
);
 %
 g
en
er
at
e 
th
e 
sp
re
ad
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ca
1i
ni
 =
 n
ew
Cv
al
ue
s(
1,
1)
; 
  
  
Cb
1i
ni
 =
 n
ew
Cv
al
ue
s(
1,
2)
; 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ca
2i
ni
 =
 n
ew
Cv
al
ue
s(
2,
1)
; 
  
  
Cb
2i
ni
 =
 n
ew
Cv
al
ue
s(
2,
2)
; 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ca
3i
ni
 =
 n
ew
Cv
al
ue
s(
3,
1)
; 
  
  
Cb
3i
ni
 =
 n
ew
Cv
al
ue
s(
3,
2)
; 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ca
4i
ni
 =
 n
ew
Cv
al
ue
s(
4,
1)
; 
  
  
Cb
4i
ni
 =
 n
ew
Cv
al
ue
s(
4,
2)
; 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ca
5i
ni
 =
 n
ew
Cv
al
ue
s(
5,
1)
; 
  
  
Cb
5i
ni
 =
 n
ew
Cv
al
ue
s(
5,
2)
; 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ca
6i
ni
 =
 n
ew
Cv
al
ue
s(
6,
1)
; 
  
  
Cb
6i
ni
 =
 n
ew
Cv
al
ue
s(
6,
2)
; 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ca
7i
ni
 =
 n
ew
Cv
al
ue
s(
7,
1)
; 
  
  
Cb
7i
ni
 =
 n
ew
Cv
al
ue
s(
7,
2)
; 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ca
8i
ni
 =
 n
ew
Cv
al
ue
s(
8,
1)
; 
  
  
Cb
8i
ni
 =
 n
ew
Cv
al
ue
s(
8,
2)
; 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
si
m(
Ci
cu
it
Si
m)
; 
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Si
mR
es
ul
ts
 =
 [
FC
_C
el
l_
V1
, 
FC
_C
el
l_
V2
, 
FC
_C
el
l_
V3
, 
FC
_C
el
l_
V4
, 
FC
_C
el
l_
V5
, 
FC
_C
el
l_
V6
, 
FC
_C
el
l_
V7
, 
FC
_C
el
l_
V8
];
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ho
wG
oo
d(
C_
tr
y)
 =
 s
um
((
((
(T
D(
1:
ro
w_
C_
si
m,
(C
_c
ou
nt
*3
 -
 2
))
..
. 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
- 
Si
mR
es
ul
ts
(1
:r
ow
_C
_s
im
, 
C_
co
un
t)
).
*(
co
mp
_v
ec
(1
:r
ow
_C
_s
im
))
).
^2
).
*c
om
p_
we
ig
ht
s(
1:
ro
w_
C_
si
m)
))
; 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
en
d 
 %
 C
_t
ry
 ,
 t
he
 s
pr
ea
d 
in
 v
al
ue
s 
 
 224
  
  
  
  
  
  
  
  
  
  
  
  
  
  
%p
ic
ks
 t
he
 v
al
ue
s 
th
at
 g
av
e 
th
e 
sm
al
le
st
 e
rr
or
 o
ne
 a
nd
 m
ak
es
 t
ha
t 
th
e 
ne
w 
va
lu
e 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Mi
nP
la
ce
 =
 f
in
d(
  
Ho
wG
oo
d 
==
 (
mi
n(
Ho
wG
oo
d)
))
; 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Mi
nP
la
ce
 =
 M
in
Pl
ac
e(
1,
1)
; 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
ne
wC
va
lu
es
(C
_c
ou
nt
,C
_c
om
p)
 =
 o
ld
Cv
al
ue
s(
C_
co
un
t,
C_
co
mp
)*
C_
sp
re
ad
_v
ec
(1
,M
in
Pl
ac
e)
; 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Ho
wG
oo
d 
= 
ze
ro
s(
1,
CV
co
l)
; 
  
  
  
  
  
  
  
  
  
  
  
  
en
d 
%%
 C
_c
om
p 
  
en
d 
of
 g
oi
ng
 t
hr
ou
gh
 t
he
 c
ap
s 
in
 a
 s
in
gl
e 
ce
ll
 
  
  
  
  
  
  
  
  
  
  
en
d 
 %
C_
co
un
t 
, 
nu
mb
er
 o
f 
ca
pa
ci
to
r 
va
lu
es
, 
(c
el
ls
) 
as
 t
he
re
 i
s 
on
ly
 o
ne
 V
 c
on
di
ti
on
 
  
  
  
  
  
  
  
  
  
  
if
 o
ld
Cv
al
ue
s 
==
 n
ew
Cv
al
ue
s;
 
  
  
  
  
  
  
  
  
  
  
  
  
if
 C
ou
nt
_C
_i
tt
 =
= 
1;
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Fu
ll
_e
xi
t 
= 
Fu
ll
_e
xi
t 
+ 
1;
  
%%
 i
f 
Fu
ll
_e
xi
t 
= 
1 
at
 t
hi
s 
st
ag
e,
 t
he
 t
op
 p
ar
t 
ex
it
ed
 o
n 
th
e 
fi
rs
t 
ru
n 
th
ro
ug
h 
  
  
  
  
  
  
  
  
  
  
  
  
el
se
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Fu
ll
_e
xi
t 
= 
0;
 
  
  
  
  
  
  
  
  
  
  
  
  
en
d 
  
  
  
  
  
  
  
  
  
  
  
  
br
ea
k 
  
  
  
  
  
  
  
  
  
  
el
se
 
  
  
  
  
  
  
  
  
  
  
en
d 
  
  
  
  
  
  
  
  
  
  
ol
dC
va
lu
es
 =
 n
ew
Cv
al
ue
s;
 
  
  
  
  
  
  
  
  
  
  
Ca
1i
ni
 =
 n
ew
Cv
al
ue
s(
1,
1)
; 
  
  
Cb
1i
ni
 =
 n
ew
Cv
al
ue
s(
1,
2)
; 
  
  
  
  
  
  
  
  
  
  
Ca
2i
ni
 =
 n
ew
Cv
al
ue
s(
2,
1)
; 
  
  
Cb
2i
ni
 =
 n
ew
Cv
al
ue
s(
2,
2)
; 
  
  
  
  
  
  
  
  
  
  
Ca
3i
ni
 =
 n
ew
Cv
al
ue
s(
3,
1)
; 
  
  
Cb
3i
ni
 =
 n
ew
Cv
al
ue
s(
3,
2)
; 
  
  
  
  
  
  
  
  
  
  
Ca
4i
ni
 =
 n
ew
Cv
al
ue
s(
4,
1)
; 
  
  
Cb
4i
ni
 =
 n
ew
Cv
al
ue
s(
4,
2)
; 
  
  
  
  
  
  
  
  
  
  
Ca
5i
ni
 =
 n
ew
Cv
al
ue
s(
5,
1)
; 
  
  
Cb
5i
ni
 =
 n
ew
Cv
al
ue
s(
5,
2)
; 
  
  
  
  
  
  
  
  
  
  
Ca
6i
ni
 =
 n
ew
Cv
al
ue
s(
6,
1)
; 
  
  
Cb
6i
ni
 =
 n
ew
Cv
al
ue
s(
6,
2)
; 
  
  
  
  
  
  
  
  
  
  
Ca
7i
ni
 =
 n
ew
Cv
al
ue
s(
7,
1)
; 
  
  
Cb
7i
ni
 =
 n
ew
Cv
al
ue
s(
7,
2)
; 
  
  
  
  
  
  
  
  
  
  
Ca
8i
ni
 =
 n
ew
Cv
al
ue
s(
8,
1)
; 
  
  
Cb
8i
ni
 =
 n
ew
Cv
al
ue
s(
8,
2)
; 
  
  
  
  
  
  
  
  
en
d 
 %
 C
ou
nt
_C
_i
tt
, 
 n
um
be
r 
of
 t
im
es
 i
t 
go
es
 t
hr
ou
gh
 b
ef
or
e 
go
in
g 
ba
ck
 t
o 
th
e 
pa
ra
me
te
r 
va
lu
e 
  
  
  
  
  
  
  
  
if
 F
ul
l_
ex
it
 =
= 
2;
  
%%
 i
f 
th
is
 c
on
di
ti
on
 i
s 
me
et
, 
bo
th
 p
ar
ts
 o
f 
th
e 
al
go
ri
th
m 
ha
ve
 c
on
ve
rg
ed
, 
  
  
  
  
  
  
  
  
  
  
br
ea
k 
  
  
  
  
  
  
  
  
el
se
 
  
  
  
  
  
  
  
  
en
d 
  
  
  
  
  
  
en
d 
% 
To
t_
Co
un
t,
 t
ot
al
 e
xi
t 
of
 t
he
 a
lg
or
it
hm
  
  
  
  
  
  
  
%%
% 
th
is
 j
us
t 
pl
ot
s 
th
e 
fi
na
l 
re
su
lt
s 
(s
am
e 
as
 i
n 
th
e 
pr
og
ra
m_
pl
ot
 p
ar
t)
 
  
  
  
  
  
  
Si
mT
im
e 
= 
Fu
ll
Si
mT
im
e;
 
  
  
  
  
  
  
si
m(
Ci
cu
it
Si
m)
; 
 
  
  
  
  
  
  
Si
mR
es
ul
ts
 =
 [
FC
_C
el
l_
V1
, 
FC
_C
el
l_
V2
, 
FC
_C
el
l_
V3
, 
FC
_C
el
l_
V4
, 
FC
_C
el
l_
V5
, 
FC
_C
el
l_
V6
, 
FC
_C
el
l_
V7
, 
FC
_C
el
l_
V8
];
 
    
  
  
  
  
  
if
 y
es
_p
lo
t 
==
 1
; 
 %
% 
on
ce
 a
 s
ol
ut
io
n 
ha
s 
be
en
 f
ou
nd
, 
it
 c
an
 b
e 
pl
ot
te
d 
if
 d
es
ir
ed
 
  
  
  
  
  
  
  
  
fi
gu
re
(1
04
) 
  
  
  
  
  
  
  
  
%%
 p
lo
t 
th
e 
Ex
pe
ri
me
nt
al
 d
at
a 
  
  
  
  
  
  
  
  
pl
ot
(T
D(
:,
2)
,T
D(
:,
1)
,T
D(
:,
5)
,T
D(
:,
4)
,T
D(
:,
8)
,T
D(
:,
7)
,T
D(
:,
11
),
TD
(:
,1
0)
,.
..
 
  
  
  
  
  
  
  
  
  
  
TD
(:
,1
4)
,T
D(
:,
13
),
TD
(:
,1
7)
,T
D(
:,
16
),
TD
(:
,2
0)
,T
D(
:,
19
),
TD
(:
,2
3)
,T
D(
:,
22
))
; 
  
  
  
  
  
  
  
  
ho
ld
 o
n;
 %
% 
pl
ot
 t
he
 e
xp
er
im
en
ta
l 
da
ta
 
  
  
  
  
  
  
  
  
pl
ot
(o
_T
D(
:,
2)
,o
_T
D(
:,
1)
,'
-.
',
o_
TD
(:
,5
),
o_
TD
(:
,4
),
'-
.'
,o
_T
D(
:,
8)
,o
_T
D(
:,
7)
,'
-.
',
o_
TD
(:
,1
1)
,o
_T
D(
:,
10
),
..
. 
  
  
  
  
  
  
  
  
  
  
'-
.'
,o
_T
D(
:,
14
),
o_
TD
(:
,1
3)
,'
-.
',
o_
TD
(:
,1
7)
,o
_T
D(
:,
16
),
'-
.'
,o
_T
D(
:,
20
),
o_
TD
(:
,1
9)
,'
-.
',
o_
TD
(:
,2
3)
,o
_T
D(
:,
22
),
'-
.'
);
 
  
  
  
  
  
  
  
  
%%
 p
lo
t 
th
e 
si
mu
la
te
d 
da
ta
 
  
  
  
  
  
  
  
  
pl
ot
(t
im
e,
FC
_C
el
l_
V1
,'
.-
',
ti
me
,F
C_
Ce
ll
_V
2,
'.
-'
,t
im
e,
FC
_C
el
l_
V3
,'
.-
',
ti
me
,F
C_
Ce
ll
_V
4,
..
. 
  
  
  
  
  
  
  
  
'.
-'
,t
im
e,
FC
_C
el
l_
V5
,'
.-
',
ti
me
,F
C_
Ce
ll
_V
6,
'.
-'
,t
im
e,
FC
_C
el
l_
V7
,'
.-
',
ti
me
,F
C_
Ce
ll
_V
8,
'.
-'
);
 
  
  
  
  
  
  
  
  
le
ge
nd
('
Ce
ll
 1
',
'C
el
l 
2'
,'
Ce
ll
 3
',
'C
el
l 
4'
,'
Ce
ll
 5
',
'C
el
l 
6'
,'
Ce
ll
 7
',
'C
el
l 
8'
);
  
  
  
  
  
  
  
  
  
xl
ab
el
('
Ti
me
 (
s)
')
; 
yl
ab
el
('
Vo
lt
ag
e 
(V
)'
);
 
  
  
  
  
  
  
  
  
ho
ld
 o
ff
; 
 225
  
  
  
  
  
  
  
  
fi
gu
re
(1
03
) 
 %
 p
lo
t 
th
e 
st
ac
k 
vo
lt
ag
e,
 w
it
h 
co
mp
ar
is
on
 p
oi
nt
s.
 
  
  
  
  
  
  
  
  
Si
mR
es
ul
ts
 =
 [
 F
C_
Vo
lt
ag
e 
];
 
  
  
  
  
  
  
  
  
pl
ot
(o
_T
D(
:,
st
ac
k_
po
s 
+ 
1)
,o
_T
D(
:,
st
ac
k_
po
s)
,'
bl
ac
k'
);
 %
 p
lo
t 
th
e 
Ex
pe
ri
me
nt
al
 d
at
a 
  
  
  
  
  
  
  
  
ho
ld
 o
n 
  
  
  
  
  
  
  
  
pl
ot
(t
im
e,
FC
_V
ol
ta
ge
,'
r'
);
 %
% 
pl
ot
 t
he
 s
im
ul
at
ed
 d
at
a 
  
  
  
  
  
  
  
  
pl
ot
(T
D(
:,
st
ac
k_
po
s 
+ 
1)
,T
D(
:,
st
ac
k_
po
s)
,'
b'
);
 %
% 
pl
ot
 t
he
 i
nt
er
po
la
te
d 
da
ta
 
  
  
  
  
  
  
  
  
le
ge
nd
('
Ex
pe
ri
me
nt
al
 D
at
a'
,'
Fi
tt
ed
 D
at
a'
,'
In
te
rp
ol
at
ed
 D
at
a'
);
 x
la
be
l(
'T
im
e 
(s
)'
);
 y
la
be
l(
'V
ol
ta
ge
 (
V)
')
; 
  
  
  
  
  
  
  
  
% 
no
w 
es
ta
bl
is
h 
th
e 
co
mp
ar
is
on
 p
oi
nt
s,
 
    
  
  
  
  
  
  
  
er
ro
r_
va
l 
= 
[]
; 
  
  
  
  
  
  
  
  
er
ro
r_
va
l_
ti
me
 =
 [
];
 
  
  
  
  
  
  
  
  
fo
r 
co
un
t_
pl
ot
 =
 1
:1
:r
ow
 
  
  
  
  
  
  
  
  
  
  
if
 c
om
p_
ve
c(
co
un
t_
pl
ot
,1
) 
==
 1
  
%%
 t
he
n 
pl
ot
 a
 p
oi
nt
 
  
  
  
  
  
  
  
  
  
  
  
  
pl
ot
(t
im
e(
co
un
t_
pl
ot
),
Si
mR
es
ul
ts
(c
ou
nt
_p
lo
t)
,'
.r
')
; 
 %
 S
im
Re
su
lt
s 
at
 t
hi
s 
po
in
t 
ar
e 
th
e 
st
ac
k 
vo
lt
ag
e 
  
  
  
  
  
  
  
  
  
  
  
  
pl
ot
(T
D(
co
un
t_
pl
ot
,s
ta
ck
_p
os
 +
 1
),
TD
(c
ou
nt
_p
lo
t,
st
ac
k_
po
s)
,'
.b
')
; 
  
  
  
  
  
  
  
  
  
  
  
  
er
ro
r_
va
l 
= 
[e
rr
or
_v
al
 (
co
mp
_w
ei
gh
ts
(c
ou
nt
_p
lo
t)
*(
 T
D(
co
un
t_
pl
ot
,s
ta
ck
_p
os
) 
- 
Si
mR
es
ul
ts
(c
ou
nt
_p
lo
t)
)^
2)
];
 
  
  
  
  
  
  
  
  
  
  
  
  
er
ro
r_
va
l_
ti
me
 =
 [
er
ro
r_
va
l_
ti
me
  
ti
me
(c
ou
nt
_p
lo
t)
];
 
  
  
  
  
  
  
  
  
  
  
el
se
 
  
  
  
  
  
  
  
  
  
  
en
d 
  
  
  
  
  
  
  
  
en
d 
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